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ECOTOXICITY OF MULTIWALLED CARBON NANOTUBES: STANDARDIZATION OF THE
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Abstract: There are currently a variety of applications for multiwalled carbon nanotubes (MWCNTs), but considerable concerns exist
regarding their release into the environment. Their potential accumulation by aquatic organisms could lead to transfer throughout food
chains. Considering the divergences in experimental data published on the ecotoxicity of carbon nanotubes, further research is required.
The dispersion of MWCNTs in aqueous culturing media of organisms as well as the determination of concentrations are relevant aspects
to obtain accurate ecotoxicity results. Ultraviolet-visible spectroscopy is one of the most reported techniques to analyze concentration
quickly and economically, but the methodologies to prepare dispersions and selecting the wavelengths for ultraviolet-visible
measurements have not yet been clearly deﬁned. The present study demonstrates that dispersion procedures inﬂuence absorbance, and an
approach to determine the most appropriate measurement wavelength is proposed. Ecotoxicity tests with MWCNTs were performed on
Vibrio ﬁscheri bacteria, and divergences in the results were observed with respect to those previously reported. The present study
contributes to the attempt to overcome the lack of standardization in the environmental assessment of MWCNTs. Environ Toxicol Chem
2015;34:1854–1862. © 2015 SETAC
Keywords: Ecotoxicity Multiwalled carbon nanotube Humic acid Sonication Ultraviolet-visible spectroscopy
INTRODUCTION
Nanotechnology is playing a key role in the development of
goods and services around the world and fostering the
competitiveness of industries in the knowledge economy.
Within nanomaterials, the unique physical, chemical, electrical,
and mechanical properties of carbon nanotubes (CNTs) are
promoting the increase in the number of applications in different
ﬁelds (e.g., chemistry, electronics, energy, materials science,
medicine) [1,2]. Large-scale production and applications of
CNTs are steadily increasing. Thus, there are considerable
concerns over their inevitable release into the environment and
human exposure to them because their accumulation by aquatic
organisms could lead to transfer throughout food chains [3–5].
In addition, the limited understanding of the environmental,
health, and safety aspects of CNTs poses a threat to their
potential applications, considering that experimental data
related to their toxicity at different levels have been
published [6,7] and that the results are often divergent. This
inconsistency could be a consequence of factors such as
impurities, surface modiﬁcations, structure, and exposure
routes [4]. Therefore, more attention to toxicology research
on them is required to achieve a systematic understanding of
their real toxicity.
The number of industrial-scale facilities for the relatively
low-cost production of multiwalled CNTs (MWCNTs) is
growing steadily [8,9], and their release into the environment
is foreseen to be greater than that of single-walled CNTs
(SWCNTs). Thus, research on MWCNT toxicity is considered
to be more imperative.
A relevant issue in ecotoxicity studies is the solubility of
toxicants in aqueous culturing media. An important obstacle
must be faced regarding this issue because CNTs exhibit a
hydrophobic nature and a tendency to form agglomerates, which
hinders the preparation of stable dispersions in water [10].Many
effective methods, both physical and chemical, have been
proposed to disperse CNTs in aqueous solutions, such as
stirring, sonication, and addition of surfactants [11]. Neverthe-
less, the use of these treatments affects the inherent properties of
CNTs [12] and, therefore, the interactions they might have with
living organisms [13–15]. Because of this, minimizing the effect
of these physicochemical treatments on the CNT characteristics
becomes necessary. With regard to physical methods, sonica-
tion time, frequency, and power have been proven to modify the
attributes of nanotubes, such as length and, hence, toxici-
ty [16,17]. Therefore, the reduced energy delivered by
sonication baths can be thought to be more appropriate than
that of sonication probes. In relation to chemical treatments,
selection of biocompatible dispersants is required to avoid the
alteration of the toxicity effect of nanotubes. Several surfactants
did not show toxicity in living organisms at low concentration
levels [18]. However, the most suitable dispersants for
ecotoxicity studies are those present naturally in environmental
media, such as natural organic matter (NOM) and its major
component, humic acid [19,20], to reproduce realistic environ-
mental conditions in assays.
Once the dispersion procedure has been selected, determining
CNT concentrations in dispersions is a critical issue to obtain
accurate toxicity values. Different techniques are currently
available to estimate the dispersion state and even stability of
CNTs (conventional microscopy including optical microscopy,
atomic force microscopy, scanning electron microscopy, and
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transmission electron microscopy; dynamic light scattering; and
zeta-potential measurements) [10]. However, those methods are,
in most cases, qualitative, and the effect of dispersion cannot
be evaluated precisely. In addition, photoluminescence and
ultraviolet-visible (UV-visible) spectroscopies have been used to
determine quantitativelyCNTconcentrations. In fact,UV-visible
is one of the most reported techniques in the last 10 yr, given
its rapidity, its low cost, and the possibility of concentration
measurements of both SWCNT and MWCNT dispersions
[18,21,22]. However, UV-visible absorbance poses some
challenges that have not been solved clearly to date. A key
factor in the determination of concentrations by UV-visible
spectroscopy is the preparation of calibration curves, based on
dispersions with previously known concentrations [20]. Some
studies on this issue do not use exactly the same methods
(variable sonication processes) to prepare samples for calibration
curves and samples for toxicity assessment [5,23,24]. This fact
could lead to misleading results in concentration values because
different parameters or preparation techniques result in different
dispersion states [11,25]. Furthermore, variations in the wave-
lengths selected for absorbance measurements are observed.
Previous studies have shown that absorbance peaks, achieved at
established wavelengths, are linearly correlated with the
MWCNT concentration [20,24]. Measurement wavelengths
reported are 800 nm [18,20,23,26], 600 nm [27,28], 530
nm [29], 500 nm [21,30], 298 nm [25], and 260 nm [11].
The present study focused on making progress in the ﬁeld of
MWCNT ecotoxicology by improving the accuracy of toxicity
assessments. The ﬁrst objective was to analyze the adequacy of
UV-visible spectroscopy for the preparation of calibration
curves to determine the concentration of MWCNTs in
dispersions. Because some studies on this issue use different
sonication processes to prepare samples for calibration curves
and toxicity assessment, the present investigates whether
those different techniques produce the same UV-visible
absorbance results. Furthermore, considering that variations
in the wavelengths selected for absorbance measurements are
observed in previously mentioned works, we propose a
procedure to select an appropriate wavelength for each type
of MWCNT. After optimization of the dispersion parameters,
ecotoxicity tests for MWCNTs were performed on Vibrio
ﬁscheri bacteria. This aquatic organism was selected taking into
account that bacteria constitute the lowest organism level and
the entrance to the food web in many ecosystems. The
ecotoxicity data obtained should be considered in terms of
reliability because the selection of the most appropriate
dispersion methods permits standardization of the study of
the environmental effects of MWCNTs.
MATERIALS AND METHODS
Materials for dispersions
Two different commercial MWCNTs, CNT-N and CNT-A,
were used as received from the manufacturers. Both were
produced via catalytic chemical vapor deposition, and their
physical descriptions and commercial sources are detailed in
Supplemental Data, Table S1. Some relevant differences were
observed in the physical properties of the nanotubes studied
(outer diameter, length, and percentage of impurities). Scanning
electron microscopy was performed directly on dry CNT
powder, using a Zeiss apparatus (Ultra Plus model) with a
magniﬁcation of 48 000 (see Figure 1).
Humic acid was purchased from Sigma-Aldrich Quımica
and used without any further puriﬁcation. Ultrapure water
(MilliQ) was produced using a water ﬁltration system from
Millipore Iberica to prepare all the dispersions.
Dispersion preparation and characterization
Dispersions for calibration curves. Humic acidwas selected
as the model NOM to prepare the dispersions. The concen-
trations of humic acid must produce the dispersion of the
required amount of MWCNTs. At the same time, these
concentrations must be nontoxic to avoid alteration of the
ecotoxicity of nanotubes. To ensure the appropriate experimen-
tal concentrations of MWCNTs, dispersion tests were
performed. The results showed that 30 mg/L of CNTs could
be dispersed in 100-mg/L humic acid solutions. Concentrations
of 100 mg/L humic acid were experimentally observed to cause
no inhibition on V. ﬁscheri bacteria, and therefore they were
selected to prepare dispersions.
Humic acid solutions were prepared by adding 100 mg/L
humic acid into ultrapure water. They weremixed constantly for
48 h at 20 ! 2 8C by means of magnetic stirring, as previously
reported [7,26]. This time was sufﬁcient to achieve complete
dissolution of humic acid. Thus, further centrifugation or
ﬁltration steps to obtain the supernatants were not necessary.
The sonication process for calibration dispersions was
carried out as previously described using an ultrasonic
homogenizer [31] (Vibracell-VCX750; Sonics & Materials)
with a standard probe (136 mm length, 13 mm diameter), at an
operating frequency of 20 kHz, pulsing operating mode of 1 s
on/1 s off, and output power ﬁxed at 750 W at 60% amplitude.
Dispersions were prepared bymixing the corresponding amount
Figure 1. Scanning electron microscopic images of multiwalled carbon
nanotubes: (A) CNT-N and (B) CNT-A. Magniﬁcation 48 000 . CNT ¼
carbon nanotube.
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of MWCNTs with 25-mL of 100-mg/L humic acid solution in
200-mL glass beakers and sonicating for 2.5 min. Sonication
was repeated 3 timesmore, adding 25mL of humic acid solution
at each stage, until the volume was adjusted to achieve a CNT
concentration of 30 mg/L. The beaker was held in an ice bath
during sonication to prevent a rise in the temperature of the
sample and covered with Paraﬁlm (plastic parafﬁn ﬁlm) to avoid
evaporation.
Calibration standards were made by diluting the 30-mg/L
dispersionswith 100-mg/L humic acid solution, obtaining 12more
levels: 25 mg/L, 20mg/L, 15mg/L, 10mg/L, 5 mg/L, 2.5mg/L, 2
mg/L, 1.5 mg/L, 1 mg/L, 0.5 mg/L, 0.25 mg/L, and 0.1 mg/L.
Dispersions for veriﬁcation of calibration curves. The
dispersions for veriﬁcation of calibration curves were also
prepared with 100-mg/L humic acid solutions. Three different
concentrations in the same range as the calibration dispersions
were selected to prepare: 2.5 mg/L, 5 mg/L, and 10 mg/L. These
concentrations were high enough to avoid accuracy errors in
weighing CNTs but not too high to obtain stable dispersions,
according to previously described methods [23,25].
The sonication process was carried out with an ultrasonic
bath (Sonorex Digitec DT 255/H) at an operating frequency of
35 kHz and 160W output power, ﬁlling the bath with cool water
(15 8C) at the same level as that inside the sample bottles.
Dispersions were prepared bymixing the corresponding amount
of MWCNTs with 50 mL of 100-mg/L humic acid solution in
250-mL glass ﬂasks and sonicating for 15 min. Sonication was
repeated 3 times more, adding 50 mL of humic acid solution at
each stage, until the volumewas adjusted to achieve the required
CNT concentrations for veriﬁcation. Three ﬂasks were
sonicated at the same time in each experiment to ensure the
same level of energy received by the dispersions.
Calculation of the total amount of energy delivered by the
sonication methods from calorimetry. Given the importance of
the dispersion techniques in the present study, the delivered
acoustic energy supplied by the ultrasonicators was calculated
using the calorimetric method described by Taurozzi et al. [32].
A study on this subject [11] has demonstrated that there is a
minimum energy required to disperse the optimum amount of
MWCNTs in aqueous solution and that their dispersion
behavior is also determined by parameters such as the
concentration of CNTs and the ratio of CNTs to dispersant.
Taking into account the results obtained in that work and the
concentrations used in the present study, we established that the
total amount of energy delivered to the dispersions prepared
should not be higher than 30 kJ to prevent damaging and cutting
effects on CNTs. Considering the sonication times selected, the
total amount of energy delivered (E) was 12.68 kJ for the
sonicator probe and 26.20 kJ for the sonicator bath. Because a
similar energy for both sonication methods was required to
obtain comparable results, the sonication time for the sonicator
probe was duplicated for the preparation of dispersions (from
5 min to 10 min), and the total amount of energy delivered was
ﬁnally 25.35 kJ. These values were in accordance with the
maximum speciﬁed above to prevent harmful effects on CNTs.
Additional details on this calculation are provided in the
Supplemental Data.
Dispersion characterization. Two factors affect the UV-
visible absorbance ability of MWCNTs: their intrinsic proper-
ties and the agglomeration rate. If the size of the agglomerates is
comparable to the wavelength of the light, the intrinsic
properties are the main inﬂuencing factor. If the size of the
MWCNT agglomerates is much larger than the wavelength, the
agglomeration rate is the main inﬂuencing factor [21].
Therefore, absorbance peaks vary depending on both the
features of the CNTs and the methods employed to prepare
dispersions. Thus, a spectral analysis is always necessary to
check the absorbance maxima of the studied nanotubes.
Absorbance spectra for 30-mg/L dispersions were obtained
immediately after sonication, and a spectral analysis of the
humic acid solution was performed to check that it did not alter
the baseline of MWCNT absorbance spectra [20]. Absorbance
spectra were obtained using a UV-visible spectrophotometer
(Lambda 950; PerkinElmer) and quartz cells with a 0.2-mmpath
length. Although the initial operating range of the spectropho-
tometer was 200 nm to 2000 nm, because no remarkable
changes in the spectra were appreciated over 1200 nm, the ﬁnal
wavelength range selected in the present study was 200 nm to
1200 nm, considering also the data reported on this issue [11].
The wavelength for calibration curve measurements was
selected considering the absorbance spectra of MWCNTs and
humic acid (see Results and Discussion). Measurements for
calibration curves were conducted using a Jenway 6300
spectrophotometer, which provided more speed to obtain
absorbance at a speciﬁc wavelength. This equipment operates
at 320 nm to 1000 nm wavelength with 10-mm path length
quartz cells.
Prior to the UV-visible absorbance measurements, the
dispersions were characterized with the aim of analyzing their
stability by size distributions and rate of agglomeration. Thus,
these properties could be compared for both types of
dispersions, and it could be checked whether the sonication
parameters selected (time and amplitude) were appropriate. The
Z-average diameter (Zave) and polydispersity index were
obtained by dynamic light scattering measurements in a
Malvern Zetasizer Nano ZS instrument, considering the data
generated from 10 repeated measurements.
Selection of the dispersion method and ecotoxicity tests
Based on the results of the dispersion characterization, the
most appropriate sonication method to prepare dispersions for
ecotoxicity tests was determined. To check the effective
deagglomeration efﬁciency of MWCNTs in these dispersions,
dynamic light scattering measurements were carried out
immediately after their preparation. Moreover, the concen-
trations of CNTs were measured by UV-visible absorbance to
check whether these values corresponded to those of calibration
curves.
Vibrio ﬁscheri bacteria were selected to carry out the
ecotoxicity tests, considering that very few studies have
reported data of CNT toxicity on this microorganism [33,34].
The assays were performed on LUMIStox 300 photometer
controlled by LUMISsoft IV software (Dr. Lange), according to
UNE-EN ISO 11348-2:2009 [35]. Vibrio ﬁscheri produces light
as a by-product of its cellular respiration, and the assay results
were the toxicant effective concentrations causing 20% (EC20)
and 50% (EC50) inhibition in light emission. The exposure time
between dilution rows of the samples and bacteria was 30 min,
and the reference substance used was K2Cr2O7 (Sigma-Aldrich
Quımica). Three independent tests were performed, and
standard deviation values for EC20 and EC50 were calculated.
RESULTS AND DISCUSSION
Selection of the measurement wavelength
Asmentioned inMaterials andMethods, the spectral analysis
was intended to determine MWCNT absorbance peaks and
whether there was any alteration in their spectra as a result of the
1856 Environ Toxicol Chem 34, 2015 C. Cerrillo et al.
presence of humic acid in dispersions, with the aim of selecting
the measurement wavelengths for each CNT. For this purpose,
the spectra of 30 mg/L MWCNT dispersions were obtained in 2
different ways: 1) considering the 100-mg/L humic acid solution
effect, taking it as a background substance, and subtracting its
absorbance by the “autozero” function of the spectrophotometer
and 2) measuring absorbance of dispersions by taking ultrapure
water as a background solution. Thus, we could analyze whether
the absorbanceof both humic acid andMWCNTswasadditive, as
previously reported [5], and whether this fact was noticed along
the whole spectrum. Figure 2 shows absorbance peaks of humic
acid and MWCNTs in arbitrary units (a.u.).
Absorbance peaks of humic acid and MWCNTs were
observed at similar wavelengths. The humic acid absorbance
maximum was achieved at 206 nm (Figure 2, continuous line),
and those for CNT-N and CNT-A (dotted lines) were at 240 nm
and 241 nm, respectively. Considering the spectra of dispersions
with humic acid (dashed lines), a shift to the left was observed at
absorbance peaks, decreasing to 227 nm and 222 nm. Although
these maxima were higher than those for CNT-N and CNT-A
without humic acid, humic acid involved alteration of the UV-
visible absorbance ofMWCNT dispersions. The absorbances of
CNTs and humic acid were not fully additive because a
deviation of the calculated values was obtained with respect to
theoretical ones at the CNT peak maxima (see Figure 2).
Because of this, the wavelengths for calibration curves were
moved to other spectral values, different from the absorbance
peaks. Dispersions with humic acid and those in which its effect
was subtracted overlapped their absorbance spectra in a speciﬁc
wavelength (Figure 3). This fact could imply that, at this
wavelength, the humic acid effect was nonexistent. Those
wavelengths were 535 nm for CNT-N and 537 nm for CNT-A,
similar to the previously reported wavelength of 530 nm [29].
Hence, they were selected to perform calibration curve
measurements and the corresponding veriﬁcations.
Calibration curves and verification
Taking into account the wavelengths selected to carry out
measurements, absorbance values were obtained for each
dilution level and type of CNT studied (Supplemental Data,
Table S2). Dispersions were measured taking ultrapure water as
a background substance.
Previous studies have reported calibration curves with
absorbances that range from 0.1 a.u. to 1.1 a.u. [19] and from 0.1
a.u. to 0.5 a.u. [21]. The obtained absorbance values (Figure 4)
were in the same range as those previously reported. Variations
were caused by the different ultrasonic treatments used, the
types and concentrations of CNTs and dispersants, and the
spectrophotometers employed to perform absorbance measure-
ments. Furthermore, considering that the absorbance range of
the spectrophotometer was between –0.300 and 1.999, it was not
possible to obtain absorbance values for the highest concen-
trations (30mg/L for CNT-N and 20mg/L, 25 mg/L, and 30mg/
L for CNT-A; Supplemental Data, Table S2; Figure 4).
As explained in Materials and Methods, absorbance values
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Figure 2. Ultraviolet-visible spectra of humic acid solution (continuous
lines), multiwalled carbon nanotube dispersions considering humic acid as a
background solution (dotted lines), and multiwalled carbon nanotube
dispersions considering ultrapure water as a background solution (dashed






































































Figure 3. Ultraviolet-visible spectra of multiwalled carbon nanotube
dispersions considering humic acid as a background solution (dotted lines)
and multiwalled carbon nanotube dispersions considering ultrapure water as a
background solution (dashed lines) for CNT-N (A) and CNT-A (B), and the
measurement wavelengths selected to perform calibration curves and
veriﬁcations. CNT¼ carbon nanotube; HA¼ humic acid; a.u.¼ arbitrary unit.
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mg/L, 5 mg/L, and 10mg/L. Table 1 includes absorbance values
obtained for these dispersions at the same wavelengths used to
prepare calibration curves and taking ultrapure water as the
background substance.
For both CNT-N and CNT-A, the veriﬁcation values showed
considerable differences with respect to calibration values.
Veriﬁcation dispersions did not achieve the absorbance
obtained for calibration dispersions, and differences were
higher as concentrations increased over 5 mg/L. As mentioned
in Materials and Methods, if the size of the MWCNT
agglomerates is much larger than the wavelength used for
absorbance measurements, the former is the main inﬂuencing
factor affecting the UV-visible absorbance ability of the
MWCNTs [21]. The present study’s results revealed that
different ultrasonic treatments, considering the same concen-
tration of CNTs, could not result in the same absorbance results.
This could be attributed to the fact that the size of the
agglomerates obtained after ultrasonic treatment was larger than
the wavelength used in UV-visible measurements, and for
dispersions prepared by sonication bath, CNTs remained more
agglomerated than for dispersions prepared by ultrasonic probe.
To corroborate this hypothesis, dynamic light scattering
analysis was carried out.
Dispersion characterization by dynamic light scattering
Dynamic light scattering characterization provided relevant
data to analyze and compare the stability of dispersions by the
size distributions and rate of agglomeration. The concentrations
analyzed corresponded to 30 mg/L, 10 mg/L, 5 mg/L, and 2.5
mg/L for calibration curve dispersions and to 10 mg/L, 5 mg/L,
and 2.5mg/L for veriﬁcation dispersions. Table 2 shows the Zave
sizes and polydispersity indexes obtained, and the size
distribution graphs of 10 mg/L dispersions are included in
Figure 5. Supplemental Data, Figures S2 to S5, provide the rest
of the size distribution graphs obtained.
As can be seen in Table 2 and Figure 5, substantial
differences for Zave diameters and polydispersity index existed
between calibration and veriﬁcation dispersions. In the case of
the latter, those parameters were quite higher for both types of
MWCNTs. Thus, for dispersions prepared by sonication bath,
CNTs remained more agglomerated than for dispersions
prepared by ultrasonic probe, and the hypothesis established
in the previous subsection (Calibration curves and veriﬁcation)
was conﬁrmed. The relatively large polydispersity index values
indicated that the dispersions were considerably polydisperse,
and the Zave sizes could not have high conﬁdence. This is a well-
known limitation of the dynamic light scattering technique, but
Figure 4. Calibration curves obtained from absorbance of carbon nanotube dispersions in different ranges of dilution levels, from 0.1mg/L to 30mg/L (A,C) and
from 0.1 mg/L to 10 mg/L (B,D). Straight lines are linear least-squares ﬁt to the data. CNT¼ carbon nanotube; a.u.¼ arbitrary unit.
Table 1. Veriﬁcation and calibration curve values obtained by ultraviolet-visible absorbance for multiwalled carbon nanotube dispersions
Concentration (mg/L)
CNT-N absorbance (535 nm) CNT-A absorbance (537 nm)
Calibration value Verification value Calibration value Verification value
2.5 0.252 0.151 0.283 0.133
5 0.344 0.167 0.567 0.227
10 0.749 0.235 1.104 0.448
CNT ¼ carbon nanotube.
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these values were used only for comparative purposes of
dispersion quality.
Furthermore, dynamic light scattering measurements showed
that the sonication parameters selected (time and amplitude) for
calibration curve dispersions were appropriate, with Zave
diameters oscillating between 255.5 nm and 354.6 nm for
CNT-N and 325.7 nm and 364.4 nm for CNT-A. Polydispersity
indexes were in all cases lower than 0.5. Nevertheless, the data
obtained for veriﬁcation dispersions were less acceptable, with
Zave diameters between 523.2 nm and 830.2 nm for CNT-N and
459.1 nm and 672.8 nm for CNT-A. Polydispersity indexes were
also higher for these dispersions, exceeding in most cases 0.6.
Moreover, differences in Zave diameters and polydispersity index
for both types of CNTswere observed, as a result of their different
physical properties (Materials and Methods; Supplemental Data,
Table S1). The concentrations of dispersions analyzed involved
also variations in dynamic light scattering parameters measured,
with the lowest concentrations producing the most reduced Zave
and polydispersity index.
Selection of the dispersion method and ecotoxicity tests
As mentioned in Introduction, sonication may modify
attributes such as length of nanotubes and, hence, toxicity.
Nevertheless, the amount of energy delivered by the sonicators
was optimized to avoid damaging and cutting of CNTs,
considering a previous study which calculated the minimum
energy required to disperse an optimum amount of MWCNTs.
On the other hand, the characterization performed suggested
that the ultrasonic probe produced lower size distributions and
rates of agglomeration than the ultrasonic bath, which
demonstrated that the former produced a better optimization
of the energy. This occurred despite the fact that the energy
delivered by the ultrasonic bath (26.20 kJ) was slightly higher
than the energy delivered by the ultrasonic probe (25.35 kJ).
Therefore, the sonicator probe was the technique selected to
prepare dispersions for ecotoxicity assessment.
With respect to the initial CNT concentrations for these
dispersions, it was experimentally observed that the culture
medium salt for bacteria (NaCl) reduced their stability.
Furthermore, the photometer used to measure the luminescence
of bacteria presents limitations for samples with light-absorbent
colorants (the case of CNTs) because they can distort the results
(the equipment corrects the absorbed light automatically,
providing that the absorbances are below 1.800). These
drawbacks were overcome by reducing the initial concen-
trations of MWCNTs to 10 mg/L (and the respective
concentration of humic acid to 33.3 mg/L).
The size distribution graphs of the dispersions for ecotoxicity
assessment (Supplemental Data, Figure S6) indicated amajority
of MWCNTs forming larger agglomerates than in the case of
dispersions prepared previously for calibration curves and
veriﬁcation. Ecotoxicity dispersions of CNT-N showed Zave
diameters of 1654 nm with a polydispersity index of 0.460,
whereas the same values obtained for CNT-A dispersions were
1048 nm and 0.437, respectively. Nevertheless, this fact was
reasonable, considering the differences in the dispersion
introduced by the culture medium. Moreover, the agglomerate
size was acceptable because previous work on this issue
reported similar or even greater Zave diameters [36,37].
Substantial differences were observed between the size
distributions of the CNTs studied, caused by their different
physical properties (see Materials and Methods and Supple-
mental Data, Table S1). These divergences were consistent with
those observed in the previous subsection because, in the case of
10mg/L dispersions, Zave diameters and polydispersity indexes
of CNT-N dispersions were higher than those of CNT-A.
The dispersions for ecotoxicity assessment were also
characterized by UV-visible spectroscopy to check whether
concentrations of MWCNTs (10 mg/L) produced the expected
absorbances according to calibration curve values. The data
were slightly higher (3.7% for CNT-N and 2.8 % for CNT-A)
than those of calibration curves, probably because of the
variations introduced in the sonication process (initial concen-
trations) and the differences in the agglomerate size. However,
if these absorbance values are represented in the calibration
curves, the linear ﬁts between the measured absorbances and
concentrations remain, with r2> 0.990. Thus, these divergences
were acceptable and the calibration curves obtained by UV-
visible absorbance were useful to measure CNT concentrations
in ecotoxicity dispersions.
Independent ecotoxicity tests on V. ﬁscheri bacteria were
carried out with humic acid to check that the concentrations used
were nontoxic and did not alter the toxicity results of CNTs.
Values provided in Table 3 experimentally demonstrated that
concentrations of 100 mg/L humic acid did not cause inhibition.
Moreover, solutions with higher concentrations (300 mg/L)
were tested with the aim of obtaining the EC50 and EC20
endpoints of humic acid.
Finally, ecotoxicity tests with V. ﬁscheri bacteria were
conducted. Table 4 shows the ecotoxicity results obtained for
the MWCNTs studied.
The reported data of CNT toxicity on luminescent bacteria
are limited to a few studies, as mentioned in Materials and
Methods [33,34]; and, otherwise, these data are divergent. The
Table 2. Z-average diameter and polydispersity index obtained for multiwalled carbon nanotube dispersions
Concentration (mg/L)
CNT-N CNT-A
Zave,mean (nm) PDImean (a.u.) Zave,mean (nm) PDImean (a.u.)
Calibration dispersions
2.5 255.5 0.383 325.7 0.454
5 269.5 0.380 348.8 0.447
10 354.6 0.480 332.7 0.485
30 297.9 0.477 364.4 0.469
Verification dispersions
2.5 523.2 0.454 672.8 0.516
5 678.1 0.604 483.3 0.665
10 830.2 0.655 459.1 0.612
CNT¼ carbon nanotube; a.u.¼ arbitrary units; Zave,mean ¼ mean average Z diameter; PDI ¼ polydispersity index.
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literature has demonstrated that SWCNTs are more toxic than
MWCNTs to bacteria and microbial communities of aquatic
systems [38,39]. However, the EC50 for SWCNTs onV. ﬁscheri
after an exposure time of 15 min has been reported to be higher
than 100 mg/L [33], although this endpoint ranged between 50
mg/L and 84 mg/L in the case of MWCNTs in another
study [34]. Thus, a systematic understanding of their real
toxicity is required. Regarding the toxicity results obtained in
the present study for MWCNTs, lower values for the EC50
endpoint were observed with respect to the data mentioned [34].
Those divergences are reasonable, given that the physical
properties of CNTs studied and the exposure duration in that
case (limited to 15 min) were different. In addition, the toxicity
of MWCNTs to V. ﬁscheri has been reported to be related to the
Figure 5. Size distributions by intensity of carbon nanotube agglomerates in 10 mg/L calibration and veriﬁcation dispersions. CNT¼ carbon nanotube;
Zave, mean¼ mean average Z diameter; PDI¼ polydispersity index.
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tube size, with the smallest diameters showing greater
toxicity [34,38,40]. The inﬂuence of size was also observed
in the present study because CNT-N nanotubes had lower
diameter and length than CNT-A and the concentration required
to produce 50% inhibition in light emission of bacteria was
smaller than in the case of CNT-A.
The ecotoxicity results depend on the properties of the CNTs
and the parameters used in the test, such as exposure time.
Hence, standardization of the methodologies to assess their
toxic effects is necessary to obtain comparable results between
different studies. The present study represents an important
contribution to the selection of the most appropriate dispersion
methods, which is a key step in the process of standardization.
Thus, the ecotoxicity data obtained should be considered in
terms of reliability.
CONCLUSIONS
The present study has demonstrated that UV-visible
absorbance absolutely depends on the sonication method.
Therefore, dispersions for calibration curves and for toxicity
assessment should be prepared using the same method to
achieve the same absorbance results. Moreover, a new
procedure to select the most appropriate measurement wave-
length for each type of MWCNT has been proposed. The
experimental data obtained in the present study have permitted
optimization of the parameters selected to prepare dispersions
for conducting an ecotoxicity assessment of MWCNTs on V.
ﬁscheri bacteria. Considering the lack of standardization in the
study of the environmental effects of MWCNTs to date and the
few and divergent available data for their toxicity on V. ﬁscheri,
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MATERIALS AND METHODS 9 
Materials for dispersions 10 
The commercial MWCNTs used were Nanocyl NC7000 (Nanocyl), referred as CNT-N, and 11 
Arkema Graphistrength C100 (Arkema), referred as CNT-A. Their physical descriptions were 12 
provided by the manufacturers and are specified in Table S1. 13 
Table S1. Physical descriptions of MWCNTs studied 14 
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CCVD = Catalytic chemical vapor deposition. 15 
Dispersions preparation and characterization 16 
Calculation of the total amount of energy delivered by the sonication methods from 17 
calorimetry. The delivered acoustic energy supplied by the ultrasonicators was calculated using 18 
the calorimetric method described by Taurozzi et al [1].  19 
The acoustic powers delivered by sonicator probe and bath were calculated in a similar 20 
manner. A 600 mL borosilicate glass beaker was filled with 500 mL thermally equilibrated 21 
MilliQ water. Its temperature and mass were measured with an uncertainty of ±0.1 ºC and ±0.1 22 
g, respectively. In the case of the ultrasonic probe, the 600 mL beaker was placed in the 23 
sonicator chamber and the tip was immersed to a position 2.5 cm below the liquid surface. The 24 
temperature probe was mounted (using a clamp) at 2.5 cm depth and 1 cm away from the 25 
sonicator probe. The sonicator output selected was 60% amplitude, operating in continuous 26 
mode. The temperature increase of the water was recorded for 5 minutes with a time resolution 27 
of 15 seconds. Sonicator bath was filled with deionized water at the same level as the one inside 28 
the 600 mL beaker and the temperature probe was mounted (using a clamp) at 2.5 cm depth in 29 
the center of the beaker. The sonicator operated in continuous mode and the water temperature 30 
increase was recorded for 60 minutes with a time-resolution of 2 minutes.  31 
Calculation of the delivered acoustic energy was performed obtaining the best linear fit 32 
(R2>0.990) between the measured temperature and time using least squares regression. The 33 
effective delivered power was determined using the Equation S1 34 
                                                            (S1) 35 
where P is the delivered acoustic power (W), dT/dt is the slope of the regression curve, M is 36 
the mass of liquid (g), and Cp is the specific heat of the liquid (J·g
-1·ºC-1).  37 
The effective delivered acoustic power (P) was 42.26 W for sonicator probe and 7.28 W for 38 
sonicator bath. The linear fits between the measured temperature as function of time using least 39 
squares regression are represented in Figure S1.  40 
  41 
Figure S1. Linear fits between the measured temperature as function of time sonicator probe (A) and bath (B)  42 
The total amount of energy delivered (Eqn. S2) was obtained considering the applied power 43 
and also the total amount of time that the water is subjected to the ultrasonic treatment 44 
y = 0.0203x + 22.927 
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                                                               (S2) 45 
where E is the total amount of energy (J), P is the delivered acoustic power (W) and t is the 46 
total amount of time (s). 47 
It is important to consider that the actual volumes and temperatures of MWCNTs dispersions 48 
were different from that used in the calculation of the energy delivered by the sonication 49 
methods. This aspect is noted in the calorimetric method, which is simply intended to allow the 50 
reporting and transference of sonication power levels between users, but not to measure the 51 
actual fraction of power utilized for powder disruption under specific dispersion conditions. 52 
RESULTS AND DISCUSSION 53 
Calibration curves and verification 54 
Table S2. UV/vis absorbance values to perform calibration curves, for each dilution level and type of MWCNT 55 
Concentration (mg/L) CNT-N Absorbance (535 nm)  CNT-A Absorbance (537 nm) 
30 - - 
25 1.754 - 
20 1.440 - 
15 1.045 1.685 
10 0.749 1.104 
5 0.344 0.567 
2.5 0.252 0.283 
2 0.153 0.236 
1.5 0.107 0.186 
1 0.080 0.126 
0.5 0.039 0.071 
0.25 0.020 0.040 






















































 Figure S6. Size distributions by intensity of MWCNTs dispersions in HA and Vibrio fischeri medium for ecotoxicity 66 
assessment.  67 
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Abstract: In the last few years, the release of multiwalled carbon nanotubes (MWCNTs) into the environment has raised serious
concerns regarding their fate and potential impacts. Aquatic organisms constitute an important pathway for their entrance and transfer
throughout the food web, and the current demand for standardization of methodologies to analyze the interactions of MWCNTs with
them requires aquatic media that represent natural systems. However, the inherent hydrophobicity of MWCNTs and the substances
present in natural waters may greatly affect their stability and bioavailability. The present study analyzes the inﬂuence of the most
referenced synthetic and natural organic matters (Sigma-Aldrich humic acid and Suwannee River natural organic matter) in the
agglomeration kinetics and ecotoxicity of MWCNTs, with the aim of determining their suitability to fulﬁll the current standardization
requirements. Natural organic matter provides increased colloidal stability to theMWCNTs’ dispersions, which results in higher adverse
effects on the key invertebrate organism Daphnia magna. Furthermore, the results obtained with this type of organic matter allow for
observation of the important role of the outer diameter and content impurities of MWCNTs in their stability and ecotoxicity on daphnids.
Sigma-Aldrich humic acid appeared to alter the response of the organisms to carbon nanotubes compared with that observed in the
presence of natural organic matter. Environ Toxicol Chem 2015;9999:1–10. # 2015 SETAC
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INTRODUCTION
Carbon nanotubes (CNTs) exhibit extraordinary physico-
chemical properties that are useful in many applications in
different ﬁelds such as chemistry, electronics, energy, materials
science, and medicine [1,2]. As a consequence, their large-scale
production is increasing, and considerable concerns exist
regarding their release into the environment and human exposure
[3–5]. The number of industrial facilities for the relatively low-
cost production of multiwalled carbon nanotubes (MWCNTs) is
experiencing rapid growth compared with that of single-walled
carbon nanotubes [6], and thus a greater release of the former is
expected. However, divergent results for the toxicity of
MWCNTs have been published [4,7], and this limited under-
standing of their environmental, health, and safety aspects poses a
threat to their potential applications. These inconsistencies are
originated by factors such as impurities, surface modiﬁcations,
variable structures of carbon nanotubes, and exposure routes [4].
Aquatic organisms represent one of the most important
pathways for the entrance and transfer of MWCNTs throughout
the food web in ecosystems [8,9]. Nevertheless, the inherent
hydrophobicity ofMWCNTsusually results in an agglomeration
and settlement behavior, which hinders their stability for
ecotoxicological assessment in aqueous systems. In addition,
the solution chemistries of aquatic environments inﬂuence their
stability and thus determine their bioavailability. Previous
studies have analyzed the interactions between MWCNTs and
the substances present in natural waters, such asmonovalent and
divalent salts as well as natural organic matter (NOM) [10–12].
High ionic strength and low pH induce the colloidal destabiliza-
tion ofMWCNTs,whereas humic substances (themajor fraction
in NOM) promote their stabilization [13,14]. The adsorption of
NOM by MWCNTs also has been studied for separation and
puriﬁcation applications for drinking water [15,16].
Humic acid and fulvic acid are the components of humic
substances distributed in aquatic environments [17]. Humic acid
is the main fraction of NOM and exhibits a higher molecular
weight than fulvic acid [18]. It has been widely used in
ecotoxicity assessments of MWCNTs, especially in its commer-
cially available form synthesized by Sigma-Aldrich [12,19,20].
Furthermore, Suwannee River NOM and humic acid (SR-NOM
and SR-humic acid, respectively) [17] are the most extensively
used natural organic substances to study the bioavailability of
MWCNTs [10,11,14,21,22]. Their key advantage is the simula-
tion of the real ecosystems in the toxicity assays, unlike
laboratory-synthesized humic substances. Natural organicmatter
is amore representative sample than natural humic acid ofwhat is
found naturally, composed of chemically complex polyelectro-
lytes with varying molecular weights, and producedmainly from
the decomposition of plant and animal residues [11].
The type of organicmatter used in the tests has been shown to
inﬂuence the adverse effects of MWCNTs on aquatic organisms
[23,24]. Previous studies have compared the behavior of
MWCNTs in the presence of organic matter from different
sources, namely, Sigma-Aldrich humic acid and soil loam [12],
NOM and humic substances [11,16,24], and different humic
acids [13,25–27]. However, the understanding of the behavior
of MWCNTs in the aquatic environment needs operational
procedures that represent natural systems [28], and the current
demand for standardization of materials and methods to analyze
their ecotoxicity remains unsolved [29].
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The present study compares the agglomeration kinetics and
ecotoxicity of MWCNTs in the presence of the most referenced
synthetic and natural organic matters (Sigma-Aldrich humic
acid and SR-NOM, respectively), with the aim of determining
which is most appropriate to fulﬁll the current regulation
requirements. The standardization approach of the present study
also includes the calculation and optimization of the energy
delivered to the MWCNTs during the preparation of dis-
persions. Some previous works did not consider this aspect
[8,24], resulting in signiﬁcant damage to the MWCNTs, which
may alter their behavior within the context of toxicological
testing [4,30]. Inhibitory effects on the key invertebrate
organisms for regulatory testing Daphnia magna were studied,
considering also that several experimental data on toxicity of
MWCNTs toward them have been published [8,24,31–33].
MATERIALS AND METHODS
Materials for dispersions
Multiwalled carbon nanotubes were obtained from commer-
cial sources and from the Joint Research Centre—European
Commission Repository. All of them were produced via
catalytic chemical vapor deposition. The MWCNT physical
descriptions and impurity percentages were provided by the
manufacturers (Table 1 and Supplemental Data, Table S1).
Additional puriﬁcation steps were not performed with
MWCNTs to analyze the inﬂuence of the amounts of impurities
on their toxic effects.
Standard SR-NOM obtained from the International Humic
Substances Society was used as a model NOM. Humic acid,
selected as a model synthetic organic matter, was purchased
from Sigma-Aldrich. Both substances were used without any
further puriﬁcation.
All stock solutions and dispersions were prepared in
ultrapure water, produced by a Milli-Q water ﬁltration system
(Millipore). The rest of chemicals used were p.a. grade and
obtained from Sigma-Aldrich and Scharlab.
Preparation of MWCNT dispersions
To prepare the organic matter solutions, 20mg humic acid/
SR-NOM were added to 1 L of either culture medium of the
organisms (see detailed preparation in the Supplemental Data)
or ultrapure water alone, and mixed on a magnetic stirrer for
72 h at 20 2 8C. This time was sufﬁcient to achieve a complete
dissolution of the organic matter. Hence, a subsequent step of
centrifugation or ﬁltration to extract the supernatants was not
necessary. Humic acid and SR-NOM concentrations were the
same, to obtain comparable results for the agglomeration
kinetics and ecotoxicity of MWCNTs. They were selected by
taking into account the amounts in natural waters [20,34,35].
The dispersions were obtained by adding 10mL of humic
acid/SR-NOM solution to 0.5mg MWCNTs in 20-mL glass
scintillation vials and then sonicated with an ultrasonic
homogenizer, a widely acceptedmethod that ensures reasonable
stability [13,24]. The MWCNT concentrations were selected
according to the short-term endpoints reported in the literature
for D. magna tests [3,31,33]. The ultrasonic homogenizer
(VIBRACELL-VCX750, SONICS&MATERIALS) operated
with a standard probe (136-mm length and 13-mm diameter), at
a frequency of 20 kHz, continuous mode for 16min and output
power ﬁxed at 750W at 40% amplitude. The calorimetric
method described by Taurozzi et al. [30] was used to calculate
the sonication time and amplitude required to optimize the
acoustic energy delivered by the probe. Considering the
previously reported energy required to achieve the maximum
degree of dispersion of MWCNTs in aqueous solution without
damaging CNTs [36], we established that the total amount of
energy supplied to the dispersions should not exceed 30 KJ.
Additional details of these calculations are provided in the
Supplemental Data, Figure S1. During sonication, the vials were
held in an ice bath to minimize temperature rising of the sample,
and the probe was inserted between the upper quarter and upper
half of the dispersion volume in the vials. These conditions were
essential to maximize the liquid-probe surface area exposed to
the acoustic waves, as well as the container wall surface to
volume ratio for dissipation of heat by the cooling bath [30].
The dispersions were characterized and tested immediately
after their preparation. Subsequent steps of settling or
centrifugation were avoided, because potential changes such
as agglomeration and sedimentation were considered reactions
occurring in the test systems.
Characterization of MWCNT dispersions
Dynamic light scattering, ultraviolet–visible (UV/Vis)
spectroscopy, and scanning electron microscopy (SEM)
characterization were conducted in all the dispersions immedi-
ately after their preparation and at the end of the ecotoxicity
tests. A slight shaking for homogenization preceded the
characterization of the dispersions at the end of the tests.
Sampling the aquatic phase would have required additional
settling or centrifugation steps, because sedimented or
agglomerated MWCNTs were not clearly observed.
The stability of the dispersions was assessed by measuring
the variation in scattered light intensity and calculated average
zeta-sizes as a function of time. For this purpose, Zeta-average
diameter (Zave) and polydispersity index values were obtained
by dynamic light scattering measurements in a Malvern
Zetasizer Nano ZS instrument, considering the data generated
from 10 repeated measurements.
Ultraviolet–visible spectroscopy was used to determine
quantitatively MWCNT concentration in dispersions and to
study the inﬂuence of humic acid and SR-NOM in the
agglomeration kinetics of MWCNTs. This is one of the most
reported techniques in the last 10 yr to determine concen-
trations, given its rapidness and low cost [37,38]. The
absorbances of dispersions with previously known concen-
trations were measured to obtain the corresponding calibration
curves. These calibration dispersions were prepared with
humic acid/SR-NOM dissolved in ultrapure water (without
adding culture medium), with starting concentrations of
50mg/L MWCNTs. Dilution levels, as well as the UV/Vis
absorbance results of the calibration dispersions, can be found
in the Supplemental Data, Figures S2 and S3. The apparent
concentrations of MWCNTs in batch dispersions (prepared
with humic acid/SR-NOM dissolved in culture medium) were
obtained from the UV/Vis absorbances of the calibration
dispersions. All of the measurements were conducted im-
mediately after sonication processes at 530 nm, using an
Table 1. Physical descriptions of the multiwalled carbon nanotubes studied
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ultraviolet-visible-near infrared (UV/Vis/NIR) spectropho-
tometer (Lambda 950, PerkinElmer) and quartz cells with 10-
mm path length. The selection of the wavelength was carried
out considering that previously reported for MWCNTs [39].
Although the absorbance peaks of the nanotubes studied were
observed at lower wavelengths, saturation of the spectropho-
tometer was reached in this region of the spectrum. Moreover,
the absorbance peaks of organic matter occur at lower
wavelengths [21,40] and might have interfered with those of
CNTs. The absorbance values of humic acid and SR-NOM
were negligible at 530 nm and did not alter those obtained for
MWCNTs. Nonetheless, the measurements were carried out
considering humic acid and SR-NOM as background
substances and subtracting their absorbance by the “autozero”
function of the spectrophotometer. The absorbance of the
nutrients in the culture medium was also subtracted for batch
dispersion measurements, although their absorbance spectrum
between 400 nm and 1200 nm was observed to be negligible.
Furthermore, SEM imaging was performed to support the
results obtained by the previous characterization, using a Zeiss
apparatus (ULTRA PLUSmodel). A drying process (24 h under
ambient temperature) prepared the SEM samples. During this
period, MWCNTs possibly formed larger agglomerates, and
organic matter and culture media substances may have
crystallized. Thus, this ultimate disposition was not totally
comparable with what happened when they were in dispersion
but showed the appearance of nanotubes after sonication and
ecotoxicity tests.
D. magna acute immobilization tests
Neonates of D. magna used (aged less than 24 h) were
obtained from Microbiotests. The assays were performed
following the prescriptions of the Organisation for Economic
Co-operation and Development Daphnia sp., acute immobili-
zation test (guideline 202) [41] and the speciﬁcations included
in the Supplemental Data. Each test involved 5 concentrations
starting at 50mg/L, and each concentration used 20 neonates
(distributed in 4 replicates). The total number of dead and
immobile neonates during exposure for 48 h was calculated for
each dilution, and the concentrations bringing 20% and 50%
immobilization (EC20 and EC50, respectively) as well as their
associated 95% conﬁdence limits were determined by regres-
sion analysis in Excel 2007 (Microsoft).
Because an essential aim of the present study was the
assessment of the inﬂuence of the type of organic matter on the
ecotoxicity ofMWCNTs, the concentration of nutrients and pHs
of the media were adjusted to the speciﬁc requirements for the
test organisms. The initial pH values of culture medium and test
dispersions were adjusted to 8.2 to 8.3, as high as possible
considering the previously mentioned fact that low pH induces
the colloidal destabilization of CNTs [13]. To check the validity
of the test procedures, additional tests were carried out with the
reference chemical potassium dichromate (K2Cr2O7). The SR-
NOM and humic acid solutions were also independently
analyzed to verify that the concentrations used did not induce
toxic responses.
RESULTS AND DISCUSSION
Characterization of MWCNT dispersions
Characterization by dynamic light scattering. A previous
characterization by dynamic light scattering was performed
with the 50mg/L MWCNT calibration dispersions (Table 2 and
Supplemental Data, Figure S4).
With respect to the initial MWCNT concentrations for these
dispersions, the addition of culture medium for the toxicity tests
substantially increased the parameters measured with dynamic
light scattering. Table 3 shows Zave and polydispersity index of
dispersions prepared for ecotoxicity assessment, at the begin-
ning and end of the tests.
Except for the results obtained for CNT-4, polydispersity
index values were higher than 0.7. The calibration dispersions
showed quite different polydispersity index values in all cases,
and lower than 0.5 for most. Similarly, although the batch
dispersions presented micrometric agglomerates, the Zave
diameters obtained for the calibration dispersions were the
lowest, ranging from 200 nm to 600 nm. The considerable Zave
and polydispersity index values obtained for the batch
dispersions pose certain limitations of the dynamic light
scattering technique for the characterization of the nanotube
agglomerates. Nevertheless, it can be used as a tool to compare
the relative nanotube stability and agglomeration [12,42].
Dynamic light scattering results were useful to analyze the
differences between the dispersions prepared with the 2 types of
organic matter studied, and in any case SEM images and UV/
Vis measurements provided additional data for characterization.
Table 2. Z-average diameters (Zave) and polydispersity indexes (PDI) of carbon nanotube agglomerates in calibration dispersions
CNT-1 CNT-2 CNT-3 CNT-4
SR-NOM HA SR-NOM HA SR-NOM HA SR-NOM HA
Zave,mean (nm) 253.7 251.8 199.1 208.1 180.2 257.8 601.1 587.4
PDImean 0.405 0.572 0.426 0.415 0.499 0.436 0.280 0.394
CNT¼ carbon nanotube; SR-NOM¼Suwannee River natural organic matter; HA¼ humic acid.
Table 3. Z-average diameters (Zave) and polydispersity indexes (PDI) of carbon nanotube agglomerates in batch dispersions at the beginning and end of the tests
CNT-1 CNT-2 CNT-3 CNT-4
SR-NOM HA SR-NOM HA SR-NOM HA SR-NOM HA
Zave,mean (nm) 0 h 1384 1821 1760 1914 2272 1284 2034 2249
48 h 3187 2805 1763 1845 2822 1639 1719 2073
PDImean 0 h 0.809 0.753 0.805 0.725 0.773 0.708 0.533 0.418
48 h 1.000 1.000 0.822 0.731 0.835 0.813 0.483 0.382
CNT¼ carbon nanotube; SR-NOM¼Suwannee River natural organic matter; HA¼ humic acid.
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Conversely, the size of agglomerates and polydispersity index
values in the batch dispersions could be reduced by decreasing
the initial concentration of MWCNTs. Previous studies have
reported that high concentrations in the dispersion process result
in an increased nanoparticle collision frequency and also may
induce agglomerate or aggregate formation as particles collide
and coalesce [30,42]. However, sufﬁciently high initial
concentrations, which led to inhibitory effects, were necessary
to assess the ecotoxicity of the dispersions. Considering the
previously reported average nanotube Zave sizes for ecotoxicity
tests with D. magna [8,24], the results obtained in the present
study were generally higher. As mentioned, these previous
works did not consider the acoustic energy supplied by the
ultrasonic probe during the preparation of dispersions. Signiﬁ-
cant damage to the MWCNTs was observed in both cases, even
forming a high fraction of functional groups [8], which may
alter their ecotoxicity. Average diameters ranging from 800 nm
to more than 2 mm have been reported [33], more similar to
those obtained in the present study. Furthermore, the settling of
the dispersions after sonication to test only the supernatant is a
common procedure to discard any undispersed MWCNTs and
obtain better Zave and polydispersity index values [23,24], but it
does not represent what takes place in natural environments.
Agglomerated and sedimented nanotubes are expected to be
very persistent [14]. Moreover, aquatic environments are not
static media, and agglomerates also might be present in
suspension in lakes and rivers. Thus, the approach in the
present study constituted a better approximation to a realistic
situation.
The type of organic matter used seemed to be related to
variations in the stability of the dispersions. At the beginning of
the tests, 3 of theMWCNTs analyzed showed lower Zave for SR-
NOM dispersions. After 48 h of exposure, a clear trend was not
observed in the agglomerate sizes, neither in the presence of SR-
NOM nor in the presence of humic acid. However, in the case of
the dispersions prepared for calibration curves without culture
medium, SR-NOM produced a decrease in Zave or polydisper-
sity index values for all of the nanotubes studied, suggesting that
it provided an increased stability to the dispersions with respect
to humic acid. The present study performed an evaluation of the
dispersant capability of 2 types of organic matter for a single
culture medium. The nutrient salts of the medium were a key
aspect of MWCNTs stability; thus, their behavior in ultrapure
water should be taken as a reference to achieve the
harmonization of the methodologies.
Regarding the size distributions of the 4 MWCNTs
studied, differences were observed between them, probably
because of their different physical properties (see Table 1).
Speciﬁcally, the MWCNTs with the lowest outer diameters
(CNT-2 and CNT-3) showed smaller Zave, especially for the
calibration dispersions. Moreover, CNT-4 nanotubes, with the
largest initial outer diameters, resulted in the lowest
polydispersity index values for the calibration and batch
dispersions, and they formed agglomerates with similar sizes
to those of the rest of MWCNTs in the batch dispersions. In
addition, CNT-4 nanotubes did not show polydispersity index
values increase during the ecotoxicity tests. These facts
suggest that larger-diameters produce more stable dispersions,
which may affect their toxic effects (see section Results and
Discussion—D. magna acute immobilization tests), and is
consistent with the results obtained by Lin et al. [13], who
demonstrated that MWCNTs with smaller outer diameters had
lower potential to be dispersed and stabilized in the presence
of humic acids. The different lengths of the MWCNTs studied
did not show a clear inﬂuence on the stability of the
dispersions analyzed.
Concerning the variation of dynamic light scattering
parameters throughout the duration of the tests, a clear trend
was not observed. However, in the case of CNT-4 nanotubes a
decrease in Zave was found after 48 h and their polydispersity
index value remained constant. These results were consistent
with those obtained at characterization by UV/Vis spectroscopy
(as detailed below).
Characterization by UV/Vis spectroscopy
The fact that the agglomerates diameters inﬂuence the UV/
Vis absorbances is generally accepted. If the agglomerate sizes
are comparable to the light wavelength of themeasurements, the
intrinsic properties of MWCNTs are the main inﬂuencing factor
on UV/Vis absorption. However, the agglomerate sizes are the
main inﬂuencing factor if they are much larger than the
wavelength, and poorly dispersed MWCNT agglomerates have
a decreased apparent absorption coefﬁcient [37]. The measure-
ment wavelength in the present study was 530 nm, and
agglomerates were quite a bit larger for batch dispersions.
Therefore, Zave should be directly related to UV/Vis absorban-
ces. However, the negative correlation expected between both
parameters was only observed in the case of the calibration
dispersions (Figure 1). The linear-least square ﬁts were not
represented, because lower agglomerate diameters did not result
in increased absorbances in all cases, and the statistical spread
was considerable.
The simulation of realistic environments involved that batch
dispersions were greatly unstable, and the comparison of
absorbance and agglomerate size measurements sometimes led
to contradictory conclusions. This could be explained by the fact
that the UV/Vis absorptions of the batch dispersions might be
altered by the sonication of MWCNTs with the salts present in
the culture medium. Furthermore, the exudates released by
daphnids to mitigate the stress induced during the exposure
period [43] might have absorbed in the peak wavelength range
of carbon nanotubes, thus interfering with their UV/Vis
absorption. Nevertheless, the UV/Vis results were meaningful
to assess the dispersion capability of the organic matters used,
and overall, SR-NOM produced better and more uniform
absorbance results than humic acid, as observed for the dynamic
Figure 1. Correlation between Zave and absorbance results obtained for
calibration and batch dispersions of MWCNTs. Zave,mean¼mean average Z
diameter; a.u.¼ arbitrary unit; SR-NOM¼Suwannee River natural organic
matter; HA¼ humic acid.
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light scattering characterization. The same behavior was found
for the dispersions prepared for calibration curves, in which
higher values were obtained particularly for UV/Vis absorban-
ces of SR-NOM dispersions (Figure 1 and Supplemental Data,
Figures S2 and S3).
The apparent concentrations of MWCNTs in batch dis-
persions are shown in Table 4. Generally, they were lower than
their corresponding nominal concentrations in calibration
dispersions (50mg/L), given the reduction in their stability
promoted by the use of culture medium in their preparation. The
apparent concentrations at the beginning of the tests were higher
for SR-NOM. However, after 48 h, the opposite effect was
observed, because the dispersions prepared with humic acid
presented higher concentrations in all cases. Regarding the
values obtained for the MWCNTs studied, the highest
absorbances corresponded to CNT-4. This result was in
accordance with dynamic light scattering characterization,
because CNT-4 dispersions showed an increase in stability and
the lowest polydispersity index. In the case of humic acid
dispersion with CNT-4, a notable increase of absorbance
occurred, corresponding to an apparent concentration even
higher than the initial 50mg/L.
Considering the behavior of dispersions throughout the
duration of the tests, a general increase of MWCNTs
absorbances was observed after 48 h for both SR-NOM and
humic acid dispersions. As previously observed, this ﬁnding
was consistent with the decrease in Zave found at the end of the
tests for CNT-4. The accumulation and processing ofMWCNTs
by daphnids might alter the agglomeration state of the
dispersions, and Edgington et al. [24] reported disaggregation
of MWCNTs in the gut tract of D. magna. Conversely, the
uptake of the nutrient salts by the organisms could pose a
stabilization of MWCNTs during the test, as well as slight pH
variations (see sectionResults andDiscussion—D.magna acute
immobilization tests).
Characterization by SEM
The imaging conducted (Figures 2, 3, 4 and Supplemental
Data, Figure S5) suggests that SR-NOM and humic acid were
adsorbed on the carbon nanotubes. The absorption of organic
matter on MWCNTs has been previously demonstrated by
means of several techniques [11,24]. We found in some of the
images that the adsorption of SR-NOMon nanotubeswas higher
than that of humic acid, for both calibration and batch
dispersions. Natural organicmatter adsorbed onto the nanotubes
surfaces was observed in Figures 2A, 2C, 2G, 3A, 4A, and 4C
(indicated by white arrows), whereas only Figure 4G showed
clearly the presence of humic acid. This fact could explain the
trend observed by dynamic light scattering and UV/Vis
characterization, which indicated lower agglomerate sizes and
more stability and uniform results for SR-NOM.
The SEM images of calibration dispersions (Figure 2)
showed a greater homogeneity than the batch dispersions
(Figures 3 and 4). This enhanced homogeneity was observed,
for instance, in the CNT-free areas present in Figure 2C, 2D,
and 2E. Considering the high magniﬁcation of the imaging,
these areas gave an indication of the presence of smaller
agglomerates. These observations supported the quite lower
polydispersity index values, Zave, and higher UV/Vis
absorbance obtained in the previous characterization for the
calibration dispersions.
The differences observed in dynamic light scattering and
UV/Vis characterization between the types of nanotubes
studied were supported by the SEM imaging. The MWCNTs
with the lowest outer diameters for the bulk materials (CNT-2
and CNT-3) showed a decrease in Zave, which corresponded to
MWCNTs better dispersed in SEM images, especially for the
calibration dispersions (see Figure 2C, 2E). Moreover, the low
polydispersity index values of CNT-4 were explained by a
uniform dispersion of nanotubes observed in Figures 2G, 2H,
and Supplemental Data, Figure S5. The fact that the
agglomerates sizes of CNT-4 were similar to those of the
rest of the MWCNTs for the batch dispersions was also
observed in SEM imaging, considering their larger outer
diameters and the lower magniﬁcation required to visualize
them. The higher absorptions and apparent concentrations
obtained with UV/Vis spectroscopy for CNT-4 were also in
accordance with the homogeneous dispersions observed by
SEM.
The decrease in Zave for CNT-4 and the overall increase in
MWCNT apparent concentrations found after 48 h for both SR-
NOM and humic acid batch dispersions were not clearly
observed in SEM images (Figures 3 and 4; Supplemental Data,
Figure S5). That SEM images can only show a tiny area of the
samples and different agglomerate sizes in the same dispersion
can be found is well known. Moreover, the preparation of SEM
samples involves changes in the ultimate disposition of
nanotubes.
Even though the batch dispersions prepared were greatly
unstable, and the comparison between dynamic light scatter-
ing and UV/Vis spectroscopy measurements led to contradic-
tory conclusions in some cases, SEM images supported the
overall ﬁndings and insights obtained by the previous
characterization.
D. magna acute immobilization tests
Given the variation of the apparent concentrations of
MWCNTs in the batch dispersions observed during the tests,
the initial concentrations of MWCNTs (50mg/L) were selected
to calculate EC20 and EC50. The dissolved oxygen measured in
the controls and the batch dispersions was higher than 3mg/L, in
compliance with the validity criteria of the Organisation for
Table 4. Apparent multiwalled carbon nanotube concentrations in batch dispersions at the beginning and end of the ecotoxicity tests, obtained by ultraviolet–
visible spectroscopy absorbance measurements
CNT-1 CNT-2 CNT-3 CNT-4
SR-NOM HA SR-NOM HA SR-NOM HA SR-NOM HA
Absorbance (a.u.) 0 h 1.5491 1.0135 1.1025 0.9278 1.5537 1.0560 1.9188 1.4699
48 h 1.5621 1.2078 1.4616 1.4950 1.5443 1.2639 1.6727 1.7372
Apparent concentration (mg/L) 0 h 20.68 20.32 25.45 24.10 28.88 25.43 47.88 46.81
48 h 20.85 24.35 33.78 39.03 28.70 30.68 41.71 55.38
CNT¼ carbon nanotube; SR-NOM¼Suwannee River natural organic matter; HA¼ humic acid.
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Economic Co-operation and Development guideline 202 [41].
The pH values at the end of the tests decreased slightly from the
initial 8.3 to average values of 7.9, and they were kept in the
range of the performance criteria. Two additional tests were
carried out with the reference chemical K2Cr2O7, and the EC50
values after 24 h of exposure were 1.11mg/L and 0.96mg/L,
respectively (in the validation range of 0.6–2.1mg/L). The 50%
immobilization rates were not achieved for most of the
dispersions tested. Thus, the EC20 values were used to analyze
their effects on daphnids.
The results shown in Table 5 indicate that MWCNT
dispersions prepared with SR-NOM exhibited greater toxicity
levels than dispersions prepared with humic acid, taking into
account that these 2 types of organic matter themselves did not
cause inhibitory effects. This result was in accordance with
the characterization conducted, which showed more stability
for SR-NOM dispersions during the tests, and increased
stability is assumed to lead to higher toxicological outcomes
[24,31]. Speciﬁcally, for SR-NOM, the greater stability of the
CNT-4 dispersions also contributed to conﬁrm this assump-
tion. The CNT-4s showed lower Zave with respect to the initial
outer diameters, a decrease in the polydispersity index values,
higher UV/Vis absorbance, and greater homogeneity in
dispersions in the SEM images, compared with the rest of
the MWCNTs. From a physicochemical perspective, the
reason for the enhanced stability and increased toxicity with
SR-NOM might be related to its nonhumic portion, which
contains aliphatic carbon and nitrogen, including carboxylic
acids, carbon hydrates, tannic acids, and proteins [44]. Wang
et al. [27] reported that the key driving force for the sorption
of NOM to MWCNTs were these alkyl (aliphatic) components
rather than the aromatic ones of humic acid. Edgington et al.
[24] also observed differences in the acute toxicity of
MWCNTs to D. magna, depending on the sources of the
NOM used, but they could not justify their results from either
the suspensions or the NOM characterization. The nonhumic
Figure 2. Scanning electron microscope images of the 50mg/L multiwalled carbon nanotube calibration dispersions: (A) CNT-1- SR-NOM, (B) CNT-1-HA,
(C) CNT-2-SR-NOM, (D) CNT-2-HA, (E) CNT-3-SR-NOM, (F) CNT-3-HA, (G) CNT-4-SR-NOM, (H) CNT-4-HA. CNT¼ carbon nanotube;
SR-NOM¼Suwannee River natural organic matter; HA¼ humic acid.
6 Environ Toxicol Chem 9999, 2015 C. Cerrillo Redondo et al.
portion mentioned previously could be an inﬂuencing factor
on the variations in acute toxicity that they obtained.
Furthermore, the current literature has reported the
inﬂuence of the outer diameter, length, and rigidity of
MWCNTs in their potential toxicity. Diameters of 50 nm
have shown in vivo and in vitro effects, whereas thicker
diameters (150 nm) or tangled (2–20 nm) are less toxic [4].
Conversely, the contribution of the amounts of metal
impurities to the toxicity of MWCNTs also has been
demonstrated [4,45]. The results obtained in the present study
with SR-NOM were fully in accordance with CNT-4 (28–
99 nm diameter) showing more adverse effects than the rest of
the nanotubes studied (6–24 nm diameter). The CNT-4
nanotubes also had the highest content of impurities
(Supplemental Data, Table S1). In the case of humic acid
dispersions, CNT-4 did not produce toxic effects, which
suggested that this type of synthetic organic matter might alter
the response of organisms to MWCNTs with respect to that
observed in the presence of SR-NOM. Toxicity also might be
determined by a combined effect of the outer diameter and
length of the carbon nanotubes. Liu et al. [4] and Lanone et al.
[5] reported stronger adverse effects induced by the longest
CNTs, which was consistent with the EC values and lengths
provided in the present study. Considering that the outer
diameters of CNT-1, CNT-2, and CNT-3 nanotubes were in
similar ranges (Table 1), their toxic effects decreased with
decreasing lengths in the presence of SR-NOM. Carbon
nanotube-3, with lengths up to 1300 nm, showed the lowest
toxicity; CNT-2, with lengths up to 10 000 nm, the highest.
Carbon nanotube-1 presented intermediate lengths (up to
5000 nm) and EC values. Nonetheless, CNT-4 length was
similar to that of CNT-1 and CNT-2, thus showing that the
outer diameter of MWCNTs was a more decisive factor than
length in determining the adverse effects on D. magna.
Regarding the previously reported endpoints for MWCNTs’
ecotoxicity tests withD. magna [3,31,33], lower adverse effects
were found in the present study because 48-h EC50 values were
not achieved in most cases. This behavior was probably
attributable to the fact that, in present study, a more realistic
environment was reproduced in the preparation of the
dispersions, which led to an increased instability and hence
reduced toxicity. Moreover, the preparation of the test
dispersions in previous studies generally did not include
NOM, which could provide nutritional support to D. magna,
thus reducing their response to carbon nanotubes. The physical
properties of MWCNTs also constitute an important factor
affecting their ecotoxicity [4].
In addition to the characterization of the dispersions at the
end of the ecotoxicity tests, optical microscopy was
conducted on daphnids to analyze the presence of attached
MWCNTs agglomerates (Figure 5). Dead Daphnia were
selected for the imaging with the aim of visualizing the
differences with live organisms in controls and organic
matter solutions.
Figure 3. Scanning electron microscope images of the 50mg/L multiwalled carbon nanotube batch dispersions at the beginning of the tests: (A) CNT-1-SR-
NOM 0 h, (B) CNT-1-HA 0 h, (C) CNT-2-SR-NOM 0h, (D) CNT-2-HA 0 h, (E) CNT-4-SR-NOM 0h, (F) CNT-4-HA 0 h. CNT¼ carbon nanotube;
SR-NOM¼Suwannee River natural organic matter; HA¼ humic acid.
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The dispersions prepared with SR-NOM showed agglom-
erates of MWCNTs on the body surface (Figure 5C) and
antennae of the organisms (red circles in Figure 5B), and the
accumulation of nanotubes on their external surface has been
observed to be a potential mechanism of toxicity [46]. However,
in the case of humic acid dispersions, a greater amount of
MWCNTs was observed in the digestive tract of daphnids,
given their dark coloration (Figure 5E and 5F). Nonetheless, the
organisms exposed to humic acid alone as background
substance (Figure 5D) also showed this dark coloration. This
fact could pose a greater uptake of humic acid by D. magna as a
food source and thus explain the reduction in immobilization
with respect to MWCNTs dispersed in SR-NOM solutions. The
key driving force for the sorption of NOM to MWCNTs is the
alkyl (aliphatic) components rather than the aromatic ones of
humic acid. The driving forces for the adsorption of SR-NOM
onto MWCNTs might be greater than those for humic acid, thus
resulting in different modes of action on daphnids. Humic acid,
more loosely adsorbed onto nanotubes, might be used as a
nutritional support by daphnids during the test, and this fact may
delay the digestion of MWCNTs. Therefore, although
MWCNTs would be bioavailable for daphnids, toxicity was
not observed during the exposure period.
Although SR-NOM has provided a better capability for the
stabilization of MWCNTs, and toxicity results on D. magna are
consistent with those reported in the literature, further research
needs to be conducted in this ﬁeld. Several key aspects, such as
the feeding during assays, have been demonstrated to play an
essential role in the toxicity mechanisms of carbon nanotubes
toward daphnids [8]. In addition, their adverse effects are
exerted to several generations of D. magna on their survival,
reproduction, and growth [32]. These factors might be
considered in future studies to ensure the suitability of SR-
NOM for the analysis of the ecotoxicity of MWCNTs towardD.
magna and other organisms at the base of the food chain.
Figure 4. Scanning electron microscope images of the 50mg/L multiwalled carbon nanotube batch dispersions at end of the tests: (A) CNT-1-SR-NOM 48 h,
(B) CNT-1-HA 48 h, (C) CNT-3-SR-NOM 48 h, (D) CNT-3-HA 48 h, (E) CNT-4-SR-NOM 48 h, (F) CNT-4-HA 48h. CNT¼ carbon nanotube;
SR-NOM¼Suwannee River natural organic matter; HA¼ humic acid.
Table 5. Effective concentration values and lower and upper 95%
conﬁdence limits of multiwalled carbon nanotube dispersions (mg/L)
for Daphnia magna neonates during 48 h
Dispersant Sample EC20 (95% CL) EC50 (95% CL)
SR-NOM CNT-1 4.03 (3.65–4.45) >50
CNT-2 2.94 (2.60–3.31) >50
CNT-3 ND ND
CNT-4 1.08 (0.86–1.35) 27.05 (21.47–34.08)
SR-NOM >20 >20





EC20, EC50¼ effective concentrations causing 20% and 50% immobili-
zation, respectively; CL¼ conﬁdence limit; ND¼ not determined (effec-
tive concentration values could not be calculated because of the low
toxicity levels and the scattered points obtained in the dose-response
curves); SR-NOM¼Suwannee River natural organic matter; CNT¼
carbon nanotube; HA¼ humic acid.
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CONCLUSIONS
The characterization performed in the present study indicates
that NOM provides an increased stability to the MWCNTs’
dispersions with respect to synthetic organic matter. Suwannee
River-NOM produced a decrease in Zave or polydispersity index
values for all of the nanotubes studied, and also greater andmore
uniform UV/Vis absorbance results than humic acid. In
addition, SEM imaging indicated a higher adsorption of SR-
NOM on nanotubes. The outcomes of the toxicity assays
conﬁrmed the previously reported ﬁnding that increased
stability leads to higher inhibitory effects onD. magna, because
MWCNTs dispersed with SR-NOM exhibit greater toxicity
levels than those dispersed with humic acid. The latter seemed
to alter the response of the organisms to carbon nanotubes
compared with that shown in the presence of SR-NOM.
Furthermore, the results obtained with NOM allowed observing
the important role of the outer diameter and content of
impurities of MWCNTs in their stability and ecotoxicity on
daphnids. Suwannee River-NOM is considered to be more
appropriate than Sigma-Aldrich humic acid for the ecotoxicity
assessment of MWCNTs, not only because of the stability
provided to the dispersions, but also because of its capability of
simulating the real conditions in aquatic ecosystems.
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Online Library at DOI: 10.1002/etc.3172.
Acknowledgment—The authors acknowledge funding from MINECO
(MAT2013-42092-R), Gobierno Vasco/Eusko Jaurlaritza Consolidated
Groups (IT-630-13), and the University of the Basque Country (UPV/EHU;
UFI 11/15). The research leading to the present study has also been partially
funded by the European Union Seventh Framework Programme (FP7/2007-
2013) under the project NANoREG (A common European approach to the
regulatory testing of nanomaterials) grant agreement 310584. C. Cerrillo
Redondo acknowledges the ZABALDUZ Program for ﬁnancing her
contract with the University of the Basque Country (UPV/EHU) in
collaboration with IK4-TEKNIKER.
Data availability—Data, associated metadata, and calculation tools are
available through the supplemental ﬁles, and from the corresponding author
(cristina.cerrillo@tekniker.es).
REFERENCES
1. Valentini F, Carbone M, Palleschi G. 2013. Carbon nanostructured
materials for applications in nano-medicine, cultural heritage, and
electrochemical biosensors. Anal Bioanal Chem 405:451–465.
2. Heister E, Brunner EW, Dieckmann GR, Jurewicz I, Dalton AB. 2013.
Are carbon nanotubes a natural solution? Applications in biology and
medicine. ACS Appl Mater Interfaces 5:1870–1891.
3. Eckelman MJ, Mauter MS, Isaacs JA, Elimelech M. 2012. New
perspectives on nanomaterial aquatic ecotoxicity: Production impacts
exceed direct exposure impacts for carbon nanotubes. Environ Sci
Technol 46:2902–2910.
4. Liu Y, Zhao Y, Sun B, Chen C. 2013. Understanding the toxicity of
carbon nanotubes. Accounts Chem Res 46:702–713.
5. Lanone S, Andujar P, Kermanizadeh A, Boczkowski J. 2013.
Determinants of carbon nanotube toxicity. Adv Drug Deliv Rev
65:2063–2069.
6. Ray PC, Yu H, Fu PP. 2009. Toxicity and environmental risks of
nanomaterials: Challenges and future needs. J Environ Sci Health C
Environ Carcinog Ecotoxicol Rev 27:1–35.
7. Ghosh M, Chakraborty A, Bandyopadhyay M, Mukherjee A. 2011.
Multi-walled carbon nanotubes (MWCNT): Induction of DNA damage
in plant and mammalian cells. J Hazard Mater 197:327–336.
8. Petersen EJ, Akkanen J, Kukkonen JVK, Weber WJ. 2009. Biological
uptake and depuration of carbon nanotubes by Daphnia magna.
Environ Sci Technol 43:2969–2975.
9. Yu ZG, Wang WX. 2013. Inﬂuences of ambient carbon nanotubes on
toxic metals accumulation in Daphnia magna. Water Res
47:4179–4187.
10. Saleh NB, Pfefferle LD, Elimelech M. 2008. Aggregation kinetics
of multiwalled carbon nanotubes in aquatic systems: Measure-
ments and environmental implications. Environ Sci Technol 42:
7963–7969.
Figure 5. Optical microscope images of Daphnia magna exposed to the multiwalled carbon nanotube dispersions at the end of the tests: (A) control, (B) dead
Daphnia exposed to 50mg/L CNT-1 in SR-NOM, (C) dead Daphnia exposed to 50mg/L CNT-4 in SR-NOM, (D) live Daphnia exposed to 20mg/L HA
(background substance), (E) dead Daphnia exposed to 0.5mg/L CNT-3 in HA, (F) dead Daphnia exposed to 5mg/L CNT-4 in HA. CNT¼ carbon nanotube;
SR-NOM¼Suwannee River natural organic matter; HA¼ humic acid.
Nanomaterials in the environment Environ Toxicol Chem 9999, 2015 9
11. Hyung H, Kim JH. 2008. Natural organic matter (NOM) adsorption to
multi-walled carbon nanotubes: Effect of NOM characteristics and
water quality parameters. Environ Sci Technol 42:4416–4421.
12. Chappell MA, George AJ, Dontsova KM, Porter BE, Price CL, Zhou P,
Morikawa E, Kennedy AJ, Steevens JA. 2009. Surfactive stabilization
of multi-walled carbon nanotube dispersions with dissolved humic
substances. Environ Pollut 157:1081–1087.
13. Lin D, Li T, Yang K, Wu F. 2012. The relationship between humic acid
(HA) adsorption on and stabilizing multiwalled carbon nanotubes
(MWNTs) in water: Effects of HA, MWNT and solution properties.
J Hazard Mater 241–242:404–410.
14. Schwyzer I, Kaegi R, Sigg L, Smajda R, Magrez A, Nowack B. 2012.
Long-term colloidal stability of 10 carbon nanotube types in the
absence/presence of humic acid and calcium. Environ Pollut
169:64–73.
15. Lu C, Su F. 2007. Adsorption of natural organic matter by carbon
nanotubes. Sep Purif Technol 58:113–121.
16. Sheng G, Li J, Shao D, Hu J, Chen C, Chen Y, Wang X. 2010.
Adsorption of copper(II) on multiwalled carbon nanotubes in the
absence and presence of humic or fulvic acids. J Hazard Mater
178:333–340.
17. International Humic Substances Society. 2007. What are Humic
Substances? [cited 2015 March]. Available from: http://www.
humicsubstances.org/whatarehs.html
18. Tang WW, Zeng GM, Gong JL, Liang J, Xu P, Zhang C, Huang BB.
2014. Impact of humic/fulvic acid on the removal of heavy metals from
aqueous solutions using nanomaterials: A review. Sci Total Environ
468–469:1014–1027.
19. Gigault J, Grassl B, Lespes G. 2012. Size characterization of the
associations between carbon nanotubes and humic acids in aqueous
media by asymmetrical ﬂow ﬁeld-ﬂow fractionation combined with
multi-angle light scattering. Chemosphere 86:177–182.
20. Wang F, Yao J, Chen H, Yi Z, Xing B. 2013. Sorption of humic acid to
functionalized multi-walled carbon nanotubes. Environ Pollut 180:1–6.
21. HyungH, Fortner JD, Hughes JB, Kim JH. 2007. Natural organicmatter
stabilizes carbon nanotubes in the aqueous phase. Environ Sci Technol
41:179–184.
22. Chae SR, Xiao Y, Lin S, Noeiaghaei T, Kim JO, Wiesner MR. 2012.
Effects of humic acid and electrolytes on photocatalytic reactivity and
transport of carbon nanoparticle aggregates in water. Water Res
46:4053–4062.
23. KimKT, EdgingtonAJ, Klaine SJ, Cho JW,KimSD. 2009. Inﬂuence of
multiwalled carbon nanotubes dispersed in natural organic matter on
speciation and bioavailability of copper. Environ Sci Technol
43:8979–8984.
24. Edgington AJ, Roberts AP, Taylor LM, AlloyMM, Reppert J, Rao AM,
Mao J, Klaine SJ. 2010. The inﬂuence of natural organic matter on the
toxicity of multiwalled carbon nanotubes. Environ Toxicol Chem
29:2511–2518.
25. Zhou X, Shu L, Zhao H, Guo X, Wang X, Tao S, Xing B. 2012.
Suspending multi-walled carbon nanotubes by humic acids from a peat
soil. Environ Sci Technol 46:3891–3897.
26. Tian X, Li T, Yang K, Xu Y, Lu H, Lin D. 2012. Effect of humic acids
on physicochemical property and Cd(II) sorption of multiwalled carbon
nanotubes. Chemosphere 89:1316–1322.
27. WangX, ShuL,WangY, XuB, Bai Y, Tao S, Xing B. 2011. Sorption of
peat humic acids to multi-walled carbon nanotubes. Environ Sci
Technol 45:9276–9283.
28. Park S, Woodhall J, Ma G, Veinot JGC, Cresser Boxall ABA. 2014.
Regulatory ecotoxicity testing of engineered nanoparticles: Are the
results relevant to the natural environment? Nanotoxicology
8:583–592.
29. Savolainen K, Backman U, Brouwer D, Fadeel B, Fernandes T,
Kuhlbusch T, Landsiedel R, Lynch I, Pylkk€anen L. 2013.Nanosafety in
Europe 2015–2025: Towards Safe and Sustainable Nanomaterials and
Nanotechnology Innovations. EDITA, Helsinki, Finland.
30. Taurozzi JS, Hackley VA, Wiesner MR. 2011. Ultrasonic dispersion of
nanoparticles for environmental, health and safety assessment issues
and recommendations. Nanotoxicology 5:711–729.
31. Petersen EJ, Pinto RA, Mai DJ, Landrum PF, Weber WJ Jr. 2011.
Inﬂuence of polyethyleneimine graftings of multi-walled carbon
nanotubes on their accumulation and elimination by and toxicity to
Daphnia magna. Environ Sci Technol 45:1133–1138.
32. Arndt DA, Chen J,MouaM, Klaper RD. 2014.Multigeneration impacts
on Daphnia magna of carbon nanomaterials with differing core
structures and functionalizations. Environ Toxicol Chem 33:541–547.
33. ZhuX,ZhuL,ChenY,TianS. 2008.Acute toxicities of sixmanufactured
nanomaterial suspensions toDaphnia magna. J Nanopart Res 11:67–75.
34. Bennett SW, Adeleye A, Ji Z, Keller AA. 2013. Stability, metal
leaching, photoactivity and toxicity in freshwater systems of commer-
cial single wall carbon nanotubes. Water Res 47:4074–4085.
35. Cupi D, Hartmann NB, Baun A. 2015. The inﬂuence of natural organic
matter and aging on suspension stability in guideline toxicity testing of
silver, zinc oxide, and titanium dioxide nanoparticles with Daphnia
magna. Environ Toxicol Chem 34:479–506.
36. Yu J, Grossiord N, Koning CE, Loos J. 2007. Controlling the dispersion
of multi-wall carbon nanotubes in aqueous surfactant solution. Carbon
45:618–623.
37. Li ZF, Luo GH, Zhou WP, Wei F, Xiang R, Liu YP. 2006. The
quantitative characterization of the concentration and dispersion of
multi-walled carbon nanotubes in suspension by spectrophotometry.
Nanotechnology 17:3692–3698.
38. Khripin CY, Tu X, Howarter J, Fagan J, Zheng M. 2012. Concentration
measurement of length-fractionated colloidal single-wall carbon
nanotubes. Anal Chem 84:8733–8739.
39. Marsh DH, Rance GA, Zaka MH, Whitby RJ, Khlobystov AN. 2007.
Comparison of the stability of multiwalled carbon nanotube dispersions
in water. Phys Chem Chem Phys 9:5490–5496.
40. Pokhrel LR, Dubey B, Scheuerman PR. 2013. Impacts of select organic
ligands on the colloidal stability, dissolution dynamics, and toxicity of
silver nanoparticles. Environ Sci Technol 47:12877–12885.
41. Organisation for Economic Co-operation and Development. 2004. Test
No. 202: Daphnia sp. Acute Immobilisation Test.OECDGuidelines for
the Testing of Chemicals. Paris, France.
42. Kennedy AJ, Gunter JC, Chappell MA, Goss JD, Hull MS, Kirgan RA,
Steevens JA. 2009. Inﬂuence of nanotube preparation in aquatic
bioassays. Environ Toxicol Chem 28:1930–1938.
43. Handy RD, van den Brink N, Chappell M, et al. 2012. Practical
considerations for conducting ecotoxicity test methods with manufac-
tured nanomaterials: What have we learnt so far? Ecotoxicology
21:933–972.
44. Grillo R, Rosa AH, Fraceto LF. 2015. Engineered nanoparticles and
organic matter: A review of the state-of-the-art. Chemosphere
119C:608–619.
45. Mwangi JN, Wang N, Ingersoll CG, Hardesty DK, Brunson EL, Li H,
Deng B. 2012. Toxicity of carbon nanotubes to freshwater aquatic
invertebrates. Environ Toxicol Chem 31:1823–1830.
46. Roberts AP, Mount AS, Seda B, Souther J, Qiao R, Lin S, Ke PC,
RaoAM,Klaine SJ. 2007. In vivo biomodiﬁcation of lipid-coated carbon
nanotubes by Daphnia magna. Environ Sci Technol 41:3025–3029.
10 Environ Toxicol Chem 9999, 2015 C. Cerrillo Redondo et al.
SUPPLEMENTAL DATA 
Colloidal stability and ecotoxicity of multiwalled carbon 
nanotubes: Influence of select organic matters 
Cristina Cerrillo,*,†,‡ Gotzone Barandika,† Amaya Igartua,‡ Olatz Areitioaurtena,‡ Nerea 
Uranga,§ and Gemma Mendoza‡ 
†Department of Inorganic Chemistry, University of the Basque Country (UPV/EHU), Leioa, 
Bizkaia, Spain 
‡Tribology Unit, IK4-TEKNIKER, Eibar, Gipuzkoa, Spain 



















MATERIALS AND METHODS 
Materials for dispersions 
Table S1. Suppliers of the MWCNTs studied and impurities associated with them 
MWCNT code Supplier identification  
Impurities (remaining catalyst 
metals and amorphous carbon) (%) 
CNT-1 Nanocyl NC7000  <5 
CNT-2 Arkema Graphistrength C100  <10 
CNT-3 JRCNM04000a  16.2 
CNT-4 JRCNM04001a  18.1 
 
Preparation of MWCNTs dispersions: Calculation of the total amount of energy delivered by 
the sonicator probe from calorimetry.  
A 600 mL borosilicate glass beaker was filled with 500 mL thermally equilibrated MilliQ 
water. Its temperature and mass were measured with an uncertainty of ±0.1 ºC and ±0.1 g, 
respectively. The beaker was placed in the sonicator chamber and the tip was immersed to a 
position 2.5 cm below the liquid surface. The temperature probe was mounted (using a clamp) 
at 2.5 cm depth and 1 cm away from the sonicator probe. The sonicator output selected was 
40% amplitude (considering previous dispersion tests carried out in our laboratory), operating in 
continuous mode. The temperature increase of the water was recorded for 6.5 minutes with a 
time resolution of 30 seconds.  
Calculation of the delivered acoustic energy was performed obtaining the best linear fit 
(R2>0.990) between the measured temperature and time using least squares regression. The 
effective delivered power was determined using the Equation S1: 
                                                            (S1) 
where P is the delivered acoustic power (W), dT/dt is the slope of the regression curve, M is the 
mass of liquid (g), and Cp is the specific heat of the liquid (J·g
-1·ºC-1).  
The effective delivered acoustic power (P) was 25.985 W. The linear fits between the 
measured temperature as function of time using least squares regression are represented in 
Figure S1.  
  
Figure S1. Linear fits between the measured temperature as function of time sonicator probe. 
The total amount of energy delivered (Eqn. S2) was obtained considering the applied power 
and also the total amount of time that the water is subjected to the ultrasonic treatment 
                                                               (S2) 
where E is the total amount of energy (J), P is the delivered acoustic power (W) and t is the total 
amount of time (s). 
Considering the sonication time selected (16 min), the total amount of energy delivered (E) 
was 24946 J for sonicator probe. These values are in accordance with the maximum specified 
(30 KJ), to avoid damaging and cutting of CNTs. It is important to consider that the actual 
volumes and temperatures of MWCNTs dispersions were different from that used in the 
calculation of the energy delivered by the sonication methods. However, this aspect is noted in 
the calorimetric method [1], which is simply intended to allow the reporting and transference of 
sonication power levels between users, not to measure the actual fraction of power utilized for 




y = 0.0125x + 22.843
R² = 0.9988




































Daphnia magna acute immobilization tests 
The tubes containing dormant eggs (ephippia) of the organisms were stored in a refrigerator 
at 5±2 °C. The hatching of the daphnids was carried out by transferring the ephippia into 30 ml 
culture medium (composition detailed in the next section), 72 h prior to the start of the toxicity 
tests. They were maintained at 20±2 °C under continuous illumination of a minimum of 80 
μE·m-2·s-1 (light intensity at the top of the cultures, measured in the wavelength range of 400-
700 nm). The largest hatching occurred between 72 h and 80 h of incubation and the organisms 
were collected at the latest 90 h after the start of the incubation. Prior to the test, a 2h pre-
feeding was applied with a suspension of Spirulina microalgae. This food uptake provided 
neonates with an energetic reserve and precluded mortality by starvation (which would bias the 
test results), since the organisms were not fed during the subsequent test. Culture medium was 
used to prepare HA/SR-NOM solutions for MWCNTs dispersions. Prior to the immobilization 
tests, the pH of the test dispersions was adjusted to 8.3. The organisms were exposed to five 
dilutions of the test substances over a period of 48 hours in multiwell test plates. For this 
purpose, each well was filled with 10 mL of the respective concentrations, in the sequence of 
increasing toxicant dilutions and five neonates were transferred into each well with a 
micropipette. The controls and each test concentration were assayed in four replicates (with 5 
neonates each well) for a statistically acceptable evaluation of the effects. A Parafilm strip 
(plastic paraffin film) was put on the plates, and they were covered tightly. Incubation was 
performed at 20±2 °C in darkness. After 24h and 48h incubation, the multiwell plates were 
positioned on the stage of a light table and the number of dead and immobilized neonates in 
each well was recorded. The neonates which were not able to swim after gentle agitation of the 




Preparation of the OECD culture medium for Daphnia magna (ISO Test water (1); Annex 3 
OECD-202). 
The culture and dilution medium for D. magna was prepared by adding 25 mL of the stock 
solutions 1-4 (they were stored in the dark at 4 °C) to 1 L ultrapure water.  
-Stock solution 1: 11.76 g CaCl2·2H2O in 1 L ultrapure water  
-Stock solution 2: 4.93 g MgSO4·7H2O in 1 L ultrapure water 
-Stock solution 3: 2.59 g NaHCO3 in 1 L ultrapure water 
-Stock solution 4: 0.23 g KCl in 1 L ultrapure water 
Before use, the solution was equilibrated by bubbling with air for at least 15 minutes. The 
dissolved oxygen concentration was around 7 mg/L. After equilibration, the pH was adjusted to 














RESULTS AND DISCUSSION 
Characterization of MWCNTs dispersions 
Calibration standards were made by diluting the 50 mg/L MWCNTs dispersions with 20 
mg/L HA and SR-NOM solutions prepared in ultrapure water, obtaining eleven levels more: 40, 
30, 20, 10, 5, 4, 3, 2, 1, 0.5 and 0.1 mg/L. The obtained absorbance values for each 





























































































































































































































































































Figure S2. Calibration curves obtained from absorbance of CNTs dispersions with HA and SR-NOM, in different 
ranges of dilution levels (0.1 to 50 mg/L). The straight lines are linear least-squares fit to the data.  













































































































































































































































































































































































































































































































































































































































Figure S5. SEM images of the 50 mg/L MWCNTs batch dispersions: (A) CNT-3-SR-NOM 0h, (B) CNT-3-HA 0h, 
(C) CNT-2-SR-NOM 48h, (D) CNT-2-HA 48h. 
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Towards the standardization of nanoecotoxicity testing: Natural organic
matter ‘camouﬂages’ the adverse effects of TiO2 and CeO2 nanoparticles
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H I G H L I G H T S
• SR-NOM increased signiﬁcantly the sta-
bility of CeO2 and TiO2 NPs in algal me-
dium.
• The enhanced stability led to a better
reproducibility of the toxicity test re-
sults.
• SR-NOM reduced the toxic effect of
CeO2 NPs on algae and eliminated that
of TiO2 NPs.
• This ‘camouﬂage’ of toxicity occurred
even for low NOM environmental con-
centrations.
• SR-NOM might be used as a model
NOM in standardized ecotoxicity tests
of these NPs.
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Suwannee river natural organic matter
Microalgae
In the last few years, the emission of CeO2 and TiO2 nanoparticles (NPs) into the environment has been raising
concerns about their potential adverse effects on wildlife and human health. Aquatic organisms constitute one
of the most important pathways for the entrance of these NPs and transfer throughout the food web, but diver-
gences exist in the experimental data published on their aquatic toxicity. The pressing need for standardization of
methods to analyze their ecotoxicity requires aquaticmedia representing realistic environmental conditions. The
present study aimed to determine the usefulness of Suwannee River natural organic matter (SR-NOM) in the as-
sessment of the agglomeration kinetics and ecotoxicity of CeO2 and TiO2 NPs towards green microalgae
Pseudokirchneriella subcapitata. SR-NOM alleviated the adverse effects of NPs on algal growth, completely in
the case of TiO2 NPs and partially in the case of CeO2 NPs, suggesting a ‘camouﬂage’ of toxicity. This behavior
has been observed also for other algal species and types of natural organic matter in the literature. Furthermore,
SR-NOMmarkedly increased the stability of the NPs in algal medium, which led to a better reproducibility of the
toxicity test results, and provided an electrophoretic mobility similar to that previously reported in various river
and groundwaters. Thus, SR-NOM can be a representative sample of what is found inmany different ecosystems,
and the observed ‘camouﬂage’ of the effects of CeO2 and TiO2 NPs on algal cells might be considered as a natural
interaction occurring in their standardized ecotoxicological assessment.
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1. Introduction
Nanoscale CeO2 and TiO2 are two of the most extensively
manufactured nanomaterials (MNMs)used currently. They are incorpo-
rated into a wide variety of products, including catalysts, gas sensors,
solar cells, oxygen pumps, fuels in the automotive industry, paints, coat-
ings and cosmetics (Klaine et al., 2008; Yadav andMungray, 2014). Con-
sequently, the constant increase in their large scale production and their
inherent emission into the environment are raising concerns regarding
their potential adverse effects on wildlife and human health (Keller
et al., 2010; Keller et al., 2013).
Aquatic organisms constitute one of the most important pathways
for the entrance and transfer ofMNMs throughout the foodwebs in eco-
systems (Baun et al., 2008). The data published on the aquatic toxicity of
CeO2 and TiO2 nanoparticles (NPs) are divergent (Menard et al., 2011;
Booth et al., 2015) and this limited understanding of their impacts
poses a barrier to their current and potential applications. Factors such
as physico-chemical properties (size, shape and surface chemistry)
and environmental conditions (pH, ionic strength, colloids and natural
organic matter concentration) play an important role on the fate and
toxic effects of these NPs (Keller et al., 2010; Baun et al., 2008; Menard
et al., 2011). The combination of these properties and conditions may
result in either their agglomeration or stabilization, affecting their bio-
availability and determining their toxicity. If the degree of agglomera-
tion of the NPs in the test media is not representative of that occurring
in natural waters, the current regulatory testing can under- or overesti-
mate their toxicity to aquatic organisms, which is considered as a prom-
inent concern within the scientiﬁc community (Park et al., 2014).
Therefore, the pressing need for standardization of methods to analyze
the ecotoxicity of CeO2 and TiO2 NPs (Savolainen et al., 2013; Van
Hoecke et al., 2011) requiresmediawhich better represent the behavior
of MNMs in realistic environmental conditions.
The interaction of natural organic matter (NOM) and its predomi-
nant substance, humic acid (HA) (Tang et al., 2014), with MNMs, is an
issue extensively analyzed in the literature. NOMmay inﬂuence the sta-
bility and toxicity of MNMs and can also play an important role in re-
moving toxic substances from efﬂuents, but further research is needed
to better understand these dynamic interactions (Grillo et al., 2015).
In the case of CeO2 and TiO2 NPs, it has been widely demonstrated
that different types of NOM promotes their stabilization in aqueous
media at typical environmental concentrations (Keller et al., 2010;
Yang et al., 2009;Quik et al., 2010; Erhayemand Sohn, 2014a) and affect
also their toxic effects in aquatic and soil organisms (Van Hoecke et al.,
2011; Schwabe et al., 2013; Collin et al., 2014a). Likewise, synthetic or-
ganic matters have been proved to interact with these NPs, but the in-
ﬂuence on their stability and ecotoxicity is not as clear as that of NOM
(Schwabe et al., 2013; Zhu et al., 2014; Wang et al., 2014). Currently,
several types of NOM are commercially available and their key advan-
tage over laboratory-synthesized substances is a more realistic simula-
tion of the ecosystems in the toxicity assays.
NOM and HA from Suwannee River (IHSS, n.d.) are themost analyzed
organicmatters in the study of bioavailability of CeO2 andTiO2NPs (Booth
et al., 2015; Li and Chen, 2012; Quik et al., 2012; Thio et al., 2011;
Chowdhury et al., 2012; Loosli et al., 2013; Yang et al., 2013; Cupi et al.,
2015; Dasari and Hwang, 2013; Neale et al., 2015; Mwaanga et al.,
2014). A recent research on nano-TiO2 stability upon adsorption of Su-
wannee River humic substances concluded that Suwannee River NOM
(SR-NOM)was themost representative sample ofwhat is found naturally
and would likely provide the most useful outcomes (Erhayem and Sohn,
2014a). Hence, SR-NOMmight fulﬁll the need for standardization men-
tioned above. Nonetheless, further research is still required to prove its
suitability in the ecotoxicological assessment of MNMs. As reported by
us elsewhere (Cerrillo et al., 2015a), SR-NOM provides an increased col-
loidal stability tomultiwalled carbon nanotubes with respect to synthetic
HA,which resulted in higher adverse effects onDaphniamagna. However,
Cupi et al. (Cupi et al., 2015) observed that the addition of SR-NOM
alleviated Ag NPs toxicity towards Daphnia magna, and caused agglomer-
ation and settling of TiO2 NPs in their culture medium. They highlighted
the lack of studies that systematically investigate the stability of NP dis-
persions in the presence of NOM and its implications in the toxicity
tests outcome, and suggested that SR-NOM should be added only in cer-
tain cases. This approach for the standardization of toxicity testing on a
case-by-case basis for every possible exposure scenario has been sup-
ported also in other studies (Dasari and Hwang, 2013). Although alterna-
tive testing strategies have proposed a more efﬁcient assessment of the
risks of MNMs (Stone et al., 2014), the current lack of speciﬁc tools to
identify and predict them makes necessary a comprehensive ecotoxico-
logical assessment of the growingnumber ofMNMs so far, at least for var-
ious trophic levels.
Considering that the selection of referencematerials andmethods to
assess the ecotoxicity of CeO2 and TiO2 NPs still remains unsolved, the
present study aims to serve as a next step towards the establishment
of standardized ecotoxicity tests of these nanomaterials. The agglomer-
ation kinetics and ecotoxicity of CeO2 and TiO2 NPs towards
Pseudokirchneriella subcapitata were analyzed in the presence and ab-
sence of SR-NOM. These unicellular green algae were selected consider-
ing their key role in the aquatic ecosystems and in regulatory testing.
The standardization approach of this work also included the calculation
of the dispersion parameters required to optimize the energy delivered
to the NPs during the preparation of the dispersions.
2. Materials and methods
2.1. Chemicals and materials
CeO2 and TiO2 nanoparticles were acquired in powdered form from
JRC (Joint Research Centre-European Commission) Repository. Their
primary characterization data (Table 1) were also provided by JRC.
Standard Suwannee River NOM (SR-NOM) obtained from the Inter-
national Humic Substances Society (IHSS) (IHSS, n.d.) was used as a
model NOMwithout any further puriﬁcation.
All stock dispersions and solutions were prepared in ultrapure
water, produced by a Milli-Q water ﬁltration system (Millipore). The
rest of chemicals used were p.a. grade and obtained from Sigma-
Aldrich and Scharlab.
2.2. Preparation of NP dispersions
The stock dispersions were obtained by adding 10 mL of Milli-Q
water to 25.6 mg CeO2/TiO2 NPs in 20 mL glass scintillation vials and
then sonicating with an ultrasonic homogenizer, a widely accepted
method that ensures reasonable stability (Keller et al., 2010; Cupi
et al., 2015). It has shown to provide better optimization of the energy
delivered to the MNMs than other devices, such as ultrasonic baths
(Cerrillo et al., 2015b). The sonicator (VIBRACELL-VCX750,
SONICS&MATERIALS) operated with a standard probe (136 mm length
and 13 mm diameter), at a frequency of 20 kHz, continuous mode for
12 min and output power ﬁxed at 750 W at 20% amplitude. The calori-
metricmethod described by Taurozzi et al. (2011) was used to calculate
the sonication time and amplitude required to obtain agglomerate sizes
as near as possible to the nanometric range. Additional details on these
calculations are provided in the Supplementary Data and Fig. S1. During
Table 1










CeO2 JRCNM02102a 33–49 28 b0.1%
TiO2 JRCNM01003a 22–27 51 4.1%
a Transmission electron microscope (TEM) data on the primary particle size.
b Obtained by Brunauer–Emmett–Teller (BET) analysis.
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sonication, the vials were held in an ice bath to minimize rising of the
temperature of the sample, and the probe was inserted between the
upper quarter and upper half of the dispersion volume. These conditions
maximized the liquid-probe surface area exposed to the acoustic waves,
and the vial wall surface/volume ratio for dissipation of heat by the
cooling bath (Taurozzi et al., 2011). Both CeO2 and TiO2 NP dispersions
were prepared in the same manner and delivered with the same con-
centration in order to ensure the consistency of test procedures. The
high initial concentrations (2560mg/L)were selected to perform subse-
quent dilution into the algae growth medium for conducting the
ecotoxicity tests, according to the Technical Guidance Document devel-
oped in the EU FP7 NANoREG Project (Jensen, 2014). The characteriza-
tion and ecotoxicological assessment of the NP dispersions was
conducted immediately after their preparation.
2.3. Algae ecotoxicity studies
The ecotoxicity of CeO2 and TiO2 NPs towards unicellular green algae
P. subcapitata was determined in the presence and absence of SR-NOM,
according to the OECD Guideline 201 “Algal growth inhibition test”
(Freshwater Alga and Cyanobacteria, Growth Inhibition Test, 2011). The
algal cells were obtained from the CCAP (Culture Collection of Algae and
Protozoa,DunstaffnageMarine Laboratory, UK). The testswere conducted
in the formof range-ﬁnding pre-tests to observe the effects of SR-NOMon
awide range of NP concentrations, since obtaining accurate effective con-
centration data was not within the aim of the present study. The system
response was evaluated as a function of growth of algal cultures exposed
to NPs in comparison with the average growth of unexposed control cul-
tures. Additional information on the culturing conditions and preparation
of the growthmediumare detailed in the SupplementaryData (Table S1).
Growth inhibition was quantiﬁed at 24, 48 and 72 h, and tentative test
endpoints were determined by calculating the concentrations bringing
10% and 50% inhibition (EC10 and EC50, respectively) as well as their as-
sociated 95% conﬁdence limits (CL) after the 72 h exposure. These data
were determined by regression analysis in Excel 2007 (Microsoft Corpo-
ration). Chlorophyll-a extractions were performed to estimate the bio-
mass concentrations of the algal cultures by means of a modiﬁed
version of the ﬂuorescence method speciﬁed in OECD-201 (Mayer et al.,
1997). This technique has been previously demonstrated to be useful in
the assessment of the effects of CeO2 and TiO2 NPs on green algae
(Booth et al., 2015; Cardinale et al., 2012). Additional details on the calcu-
lations to derive the algal biomass from extracted chlorophyll are pro-
vided in the Supplementary Data (Fig. S2).
The test dispersions were prepared by transferring the required vol-
ume of stock dispersions of NPs into 250 mL Erlenmeyer ﬂasks and
adding algae growth medium up to the 100 mL mark. The ﬂasks were
capped with air-permeable cellulose stoppers to prevent cross-
contamination. Exposures were conducted at nominal NP concentra-
tions of 160, 40, 10, 2.5 and 0.6mg/L. The ﬁrst level of the dilution series
(160 mg/L) was selected according to the short-term endpoints re-
ported in the literature for P. subcapitata and CeO2 and TiO2 NPs
(Menard et al., 2011; Booth et al., 2015; Neale et al., 2015; Collin et al.,
2014b). These concentrations exceeded those expected in the environ-
ment, but allowed a subsequent comparison of the toxicity results ob-
tained in the present study with previous publications. The test design
included three replicates at each test concentration and six control rep-
licates. Two test sets were conducted in the presence of natural organic
matter by adding 8 and 20 mg/L of SR-NOM to the growth medium of
the organisms previous to the dilution of NP stock dispersions. These
concentrations were representative for surface waters (Quik et al.,
2010; Cupi et al., 2015), the P. subcapitata environments. The amounts
of organic carbon in natural surface waters range from 0.5 mg C/L (sea
water) to 33 mg C/L (bogs) (Thurman, 1985), which correspond to ap-
proximately 1 to 63mg/L SR-NOM. Independent toxicity tests were per-
formed with Suwannee River NOM to determine its inﬂuence in the
effects of the NPs studied towards algae.
2.4. Characterization of NP dispersions
Dynamic light scattering (DLS), UV/Vis spectroscopy, and scanning
electron microscopy (SEM) characterization were conducted in the NP
dispersions immediately after their preparation. The dispersions with
the highest exposure concentrations (160 mg/L) were characterized at
the beginning and end of the tests to assess their colloidal stability
and agglomeration rate as a function of time. The characterization of
the dispersions at the end of the tests was preceded by a slight shaking
for homogenization. Sampling only the aquatic phase would have re-
quired additional settling or centrifugation steps because sedimented
or agglomerated MWCNTs were not clearly observed.
The stability of the stock dispersions and the 160 mg/L NP test dis-
persions was assessed bymeasuring the variation in calculated average
zeta-sizes during the exposure period. For this purpose, Zeta-average
diameter (Zave) and polydispersity index (PDI) were obtained by DLS
measurements in a Malvern Zetasizer Nano ZS instrument, considering
the data generated from ten repeated measurements. In addition, zeta
potentials of the test dispersions were obtained at the beginning of
the tests to determine the inﬂuence of NOM in the electrophoretic mo-
bility (EPM) of the NPs.
The DLS characterization was supported by qualitative analysis of
the agglomeration during the tests, conducted in the 160 mg/L NP dis-
persions by measuring their total absorbance of light. UV/Vis spectros-
copy is a widely used technique to analyze the stability of CeO2 and
TiO2 NPs, given its rapidness and low cost. An UV/Vis/NIR spectropho-
tometer (Lambda 950, PerkinElmer) and quartz cells with 10 mm path
length were used for this purpose. Calibration curves based on multi-
concentration dispersions of CeO2 and TiO2 NPs in Milli-Q water (Sup-
plementary Data, Fig. S3) were used as a reference to perform this anal-
ysis. The selection of the wavelength was carried out considering the
previously reported values for these NPs (Keller et al., 2010; Li et al.,
2011; Erhayem and Sohn, 2014b), and the fact that saturation of the
spectrophotometer was reached in the regions of the spectrum near
their absorbance peaks (approximately 305 nm for both CeO2 and
TiO2, Supplementary Data, Fig. S4). In addition, the absorbance of or-
ganic matter (Supplementary Data, Fig. S5) could have interfered with
those of CeO2 and TiO2. The absorbancemeasurements were performed
at 400 nm, where the absorbance of SR-NOMwas negligible and did not
alter those obtained for the NPs studied. Nonetheless, the measure-
ments were carried out taking SR-NOM as background substance and
subtracting their absorbance by the “autozero” function of the spectro-
photometer. The almost negligible absorbance of the nutrients in the
growth medium was also subtracted.
Furthermore, the results obtained in the previous characterization
were complemented by SEM imaging, using a ZEISS apparatus (ULTRA
PLUS model). The SEM samples were prepared by a drying process for
24 h under ambient temperature.
3. Results and discussion
3.1. Characterization by DLS
The results of the DLS measurements performed in the stock disper-
sions and the 160mg/L NP test dispersions are shown in Tables 2 and 3.
Size distribution and zeta potential graphs are provided in the Supple-
mentary Data (Figs. S6 to S15). The 8 and 20 mg/L SR-NOM dispersions
were labeled as SRNOM-8 and SRNOM-20, respectively.
The agglomerate sizes in stock dispersions were consistent with
their nominal particle sizes in the primary characterization, and for
both CeO2 and TiO2, Zave was approximately six times greater than the
primary NP size (Tables 1 and 2). It was also experimentally observed
that the dilution of the stock dispersions into the algal growth medium
substantially increased the Zave of CeO2 and TiO2NPs to a 2–3 μm range.
This behavior, caused by the nutrients present in the medium, was sig-
niﬁcantly altered in the presence of both 8 mg/L and 20 mg/L SR-NOM,
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since the NPs maintained approximately the same agglomerate sizes
obtained in stock dispersions even at the end of the exposure period
(Fig. 1A and B). This outcome demonstrated the increased stability pro-
vided by SR-NOM to CeO2 and TiO2 dispersions, which can be explained
on the basis of the strong adsorption of organic matter to metal oxide
nanoparticles (Quik et al., 2010; Erhayem and Sohn, 2014a). Increasing
SR-NOM concentrations resulted in a slight decrease of Zave in most
cases, but these variationswere negligible in the range of the agglomer-
ate sizes obtained.
Concerning the PDI, the low values obtained for the stock disper-
sions and over the duration of the tests (between 0.203 and 0.345) indi-
cated that DLSwas a suitable technique to determine the stability of the
NPs in this study. High PDI is considered a limiting factor for the use of
DLS in particle size characterization (Klaine et al., 2008; Cerrillo et al.,
2015a). The test dispersions showed lower polydispersity than the
stock dispersions in all cases (Figs. 1C and D). These narrower size dis-
tributions might be a result of dilution itself from 2560 mg/L to
160 mg/L, although the presence of the nutrient salts in the algae
growth medium could also inﬂuence polydispersity. The presence of
nutrient salts, which determine the ionic strength of the aqueous me-
dium, and the MNM concentrations have been reported to affect their
agglomeration kinetics and stability (Keller et al., 2010; Van Hoecke
et al., 2011; Zhu et al., 2014; Mwaanga et al., 2014). Nonetheless, the
PDI values in the presence and absence of SR-NOM were different for
CeO2 and TiO2 NPs. A decreasing trend was observed in the polydisper-
sity of the CeO2 test dispersions after adding SR-NOM, whilst TiO2
showed the opposite behavior. This fact might constitute an indicator
of the different effects of SR-NOM on the agglomeration kinetics and
ecotoxicity of different NPs, mentioned in Section 1. The higher values
observed for PDI of TiO2 dispersions in the presence of SR-NOM were
probably caused by the exopolymeric substances excreted by algae to
mitigate the stress induced, cited as a contributor to agglomeration
(Hartmann et al., 2010). These exudates are considered a much bigger
problem for nanomaterials experiments compared to traditional
chemicals (Handy et al., 2012), and might be more abundant in TiO2
NP dispersions, considering the high algal growth rates in the presence
of SR-NOM (see Section 3.4). This behavior can also be related to the
critical coagulation concentration of TiO2NPs,whichhave shownhigher
sedimentation rates than CeO2 NPs in natural aqueous media (Keller
et al., 2010).
Regarding the variation in calculated DLS parameters as a function of
time, a slight increase in the agglomerate sizes and PDI after 72 h of
exposure was observed in the presence of SR-NOM in most cases. It
was probably because the alterations in the algal growth introduced
by the organic matter (see Section 3.4) or the above mentioned pres-
ence of exudates might contribute to agglomeration. In the tests per-
formed in the absence of organic matter, PDI showed the opposite
trend and decreased at the end of the exposure period. Zave did not
show a clear trend over the test duration and presented considerable
standard deviation. This fact indicated that SR-NOM not only improved
the stability of the dispersions, but also contributed to a better homoge-
neity of the DLS results over time.
The DLS results obtained in the present study were similar to those
previously reported in the literature. Zeta-average diameters and PDI
of CeO2 and TiO2 NPs were inﬂuenced mainly by their physico-
chemical properties, the methods and growth medium used to prepare
the dispersions, and the type of NOM added. CeO2 NPs, with primary
particle size of 20 nm studied by Quik et al. (2010), reduced their Zave
in P. subcapitata growth medium from 417 nm to 248 nm after adding
SR-NOM. Cupi et al. (2015) also analyzed the SR-NOM effect on the ag-
glomerate sizes of 25-nm-diameter TiO2 NPs, and observed a decrease
in Zave from 1325 nm to 101 nm (maximum and minimum values ob-
tained, respectively) in D. magnamedium. Nevertheless, these studies
did not provide the amount of acoustic energy delivered to the NPs dur-
ing the preparation of dispersions, which determines the hydrodynamic
particle size-distributions. The sonicator's power setting value does not
indicate itself accurately the effective acoustic power (Taurozzi et al.,
2011). The standardization approach of the present study included
the calculation of the energy delivered to the NPs during the prepara-
tion of dispersions (see Section 2) to allow a fully reproducible
method. With respect to PDI, Cupi et al. (2015) obtained values of up
to 0.88 and 0.39 in the absence and presence of SR-NOM, respectively
(which were not as low as the values observed in the present study),
and Quik et al. (2010) did not provide them. This fact suggests a better
optimization of the energy delivered to the NPs in the dispersion
process.
The electrophoretic mobility and the zeta potential values obtained
(Table 3 and Fig. 1E) showed that CeO2 NPs exhibited higher stability
than TiO2 NPs in algal growth medium alone. The reason underlying
might be the high tendency of CeO2 NPs to adsorb phosphate ions dis-
solved in the algal growth medium (Booth et al., 2015; Van Hoecke
et al., 2009). The addition of SR-NOM resulted in even more negative
zeta potentials for both CeO2 andTiO2 test dispersions. SR-NOMconcen-
tration did not inﬂuence EPM signiﬁcantly, considering the negligible
Table 2
Zeta-average diameters (Zave) and polydispersity indices (PDI) of the stock dispersions and 160 mg/L NP test dispersions at the beginning and end of the tests.
CeO2 NPs TiO2 NPs
Zave,mean (nm) SD PDImean SD Zave,mean (nm) SD PDImean SD
Stock dispersions 196.8 9.6 0.345 0.056 151.6 1.0 0.334 0.008
Test dispersions—0 h 2557.7 613.8 0.301 0.040 2389.3 376.4 0.244 0.040
Test dispersions—72 h 1939.7 307.7 0.279 0.017 2697.0 368.6 0.203 0.042
Test dispersions + SRNOM-8-0 h 176.4 4.5 0.234 0.007 175.3 8.9 0.259 0.056
Test dispersions + SRNOM-8-72 h 235.3 17.1 0.219 0.015 178.7 10.9 0.270 0.023
Test dispersions + SRNOM-20-0 h 167.9 7.1 0.215 0.025 152.6 1.9 0.245 0.007
Test dispersions + SRNOM-20-72 h 259.4 8.7 0.235 0.012 173.8 29.2 0.316 0.056
SD= standard deviation of measurements corresponding to three test replicates.
Table 3
Zeta potential and electrophoretic mobility of the 160 mg/L NP test dispersions at the beginning of the tests.
CeO2 NPs TiO2 NPs
Zeta potential ζ (mV) SD EPM U (μm cm V−1 s−1) SD Zeta potential ζ (mV) SD EPM U (μm cm V−1 s−1) SD
Test dispersions −19.9 0.2 −1.562 0.015 −3.3 0.4 −0.257 0.033
Test dispersions + SRNOM-8 −29.7 0.7 −2.329 0.051 −25.8 0.4 −2.025 0.030
Test dispersions + SRNOM-20 −28.5 0.3 −2.233 0.025 −24.6 0.8 −1.926 0.063
SD= standard deviation of measurements corresponding to three test replicates.
EPM= Electrophoretic mobility.
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differences and the standard deviations observed in zeta potentials of
8 mg/L and 20 mg/L SR-NOM samples. The dramatic enhancement of
the TiO2 NPs EPM after adding SR-NOM was consistent with the more
pronounced reduction in its Zave compared to that of CeO2 NPs (see
Figs. 1A andB). This behavior could be related to the greater particle sur-
face area of TiO2 NPs, which might lead to an increase of the amount of
SR-NOM adsorbed with respect to CeO2 NPs (see Table 1). Additional
SEM characterization was conducted on stock dispersions of NPs to fur-
ther analyze this phenomenon at the nanoparticle level (Fig. S16). The
considerable variability observed in CeO2 primary particle sizes
inﬂuenced their low particle surface area compared to that of TiO2
NPs. Furthermore, the round or elongated shape of TiO2 NPs probably
promoted the adsorption of SR-NOM,whilst thepolyhedralmorphology
of CeO2NPs hindered their interactionwith SR-NOMbecause of a direc-
tional adsorptionmechanism. Electrophoreticmobility of CeO2 and TiO2
NP dispersions tended to similar values in the presence of SR-NOM. A
previous study on this issue (Keller et al., 2010) reported the same be-
havior for EPM of CeO2 and TiO2NPs in various river and groundwaters.
This fact suggests that SR-NOM might be a representative sample of











































































































Fig. 1.Histogram comparisons of Zave size (A,B), PDI (C,D) and zeta potential (E) of the stock dispersions and 160mg/L NP test dispersions at the beginning and end of the tests. Error bars
represent standard deviation (n = 3).
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for standardization of ecotoxicity tests. The zeta potential values re-
ported in the literature for CeO2 NPs in the presence of SR-NOM (Quik
et al., 2010), and for TiO2 NPs in the presence of humic acids from Su-
wannee River (Thio et al., 2011; Loosli et al., 2013) were also in accord
with the ranges observed in the present study.
3.2. Characterization by UV/Vis spectroscopy
Generally, the UV/Vis characterization supported the results ob-
tained with DLS measurements. The more pronounced changes in
the electrophoretic mobility and Zave of TiO2 NPs compared to that
of CeO2 NPs in the presence of SR-NOM were in good agreement
with their greater absorbance after adding organic matter (see
Fig. 2).
The fact that low Zave results in higher UV/Vis absorbances is gen-
erally accepted. Large agglomerates are more prone to destabiliza-
tion and sedimentation, which result in lower UV/Vis absorbance
(Keller et al., 2010; Cerrillo et al., 2015a; Erhayem and Sohn,
2014b). The increase observed in the absorbance values of TiO2 dis-
persions might be caused by their smaller agglomerate sizes with re-
spect to those of CeO2 dispersions, apart from their crystalline
structure, which also determines their UV/Vis spectra (Supplemen-
tary Data, Fig. S4). In the case of CeO2, the test dispersions prepared
in the presence of SR-NOM showed lower optical absorbance with
respect to those prepared in growthmedium alone. The considerable
standard deviation obtained in the absence of SR-NOM constitutes
an indicator of the instability of these dispersions and might explain
these anomalous results. Their limited reliability was also supported
by the similar absorbance of CeO2 test dispersions in the presence of
organic matter and that of 160 mg/L calibration standards. SR-NOM
concentrations did not appear to substantially impact the absor-
bance values of CeO2 and TiO2 dispersions, considering the standard
deviations obtained.
With regard to the slight increase obtained in calculated Zave and
PDI over the exposure period in the presence of SR-NOM, the absor-
bance remarkably also revealed higher values at 72 h, despite their
standard deviation values. It was probably caused by the previously
commented presence of exopolymeric exudates, whichmight absorb
in the wavelength range selected for the UV/Vis measurements, thus
interfering and increasing the absorbance measured in CeO2 and
TiO2 dispersions.
The UV/Vis analysis was performed on a qualitative basis with the
purpose of supporting the data obtained in the characterization by
DLS. Therefore, it was difﬁcult to directly compare the absorbance re-
sults with those reported in previous research (Keller et al., 2010; Li
et al., 2011; Erhayem and Sohn, 2014b), which have often conducted
quantitative analysis to calculate the variations in normalized NP con-
centrations as a function of time. Nonetheless, the absorption values
found by Keller at al. (Keller et al., 2010) for CeO2 NP dispersions were
lower than that of TiO2 NP dispersions, which is in accordance with
the results obtained in the present study.
3.3. Characterization by scanning electron microscopy (SEM)
Electron microscopy has been used in previous studies to illustrate
the differences in the agglomerate sizes of CeO2 and TiO2 NPs dispersed
under various methods in algal media (Schwabe et al., 2013; Manier
et al., 2013; Lin et al., 2012). The test dispersions prepared in the present
study exhibited quite lowpolydispersity in theDLS characterization car-
ried out. However, different agglomerate sizes were still found and it is
well-known that SEM images permits only the visualization of a tiny
area of the dispersions. Moreover, the preparation of SEM samples in-
volved changes in the ultimate disposition of the nanoparticles studied.
During their drying process, NOM and growth medium substances
could have crystallized, and CeO2 and TiO2 NPs possibly formed larger
agglomerates. Therefore, this disposition was not completely compara-
ble to their state in dispersion. In spite of these uncertainties, the overall
ﬁndings and insights obtained by the previous characterization were
supported by SEM.
The imaging conducted (Figs. 3, 4 and S17) supported the previously
mentioned fact that SR-NOM reduced the Zave, thus increasing the sta-
bility of the test dispersions. Although variations in Zave as a function
of SR-NOM concentration were not substantial, increasing organic mat-
ter concentrations resulted in decreasing agglomerate sizes in most
cases (Figs. 3C, 3D, 4C, 4D and S17). In addition, SEM images contributed
to observe the greater stability of TiO2 dispersions provided by SR-NOM
with respect to that of CeO2 dispersions. For instance, the reduction in
the agglomerate sizes of CeO2 NPs shown in Fig. 3 was less signiﬁcant
than that shown by TiO2 NPs in Fig. 4.
The increase in the Zave after 72 h of exposure, observed mainly in
CeO2 dispersions in the presence of 20 mg/L SR-NOM was illustrated
in Figs. 3C and D. As already mentioned, in the absence of SR-NOM,
DLS measurements did not clearly exhibit the same trend for the test
dispersions, because of considerable standard deviation. Nevertheless,
the SEM imaging was useful to observe that larger agglomerates were
also found after the exposure period in this case (Figs. 3A, B and 4A,
B). It was reasonable, taking into account that nutrient salts in the
algal growth medium and the exopolymeric exudates excreted by alga
during the tests contributed to agglomeration.
The inﬂuence of SR-NOM in the variations of the PDI observed for
CeO2 and TiO2 dispersions was also shown by the SEM characterization.
TiO2 test dispersions exhibited higher PDI with increasing concentra-
tions of SR-NOM, illustrated by the greater variability in the size distri-
butions in Figs. 4C and D. The opposite behavior was shown by CeO2
test dispersions, with higher PDI in the absence of SR-NOM, observed
in Figs. 3A and B.
3.4. Algae ecotoxicity studies
CeO2 and TiO2 NPs in the absence of SR-NOM showed considerable
adverse effects even at the lowest concentrations tested (Table 4 and
Fig. 5). Flocculation and clustering of NPs around P. subcapitata cells
were observed (Supplementary Data, Fig. S18) in these dispersions,















































Fig. 2. Histogram comparisons of UV/vis absorbances of the 160 mg/L NP dispersions performed at 400 nm. Error bars represent standard deviation (n = 3).
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tests by a local nutrient depletion and/or shading at the cellular level
(Van Hoecke et al., 2009). The 72 h-EC50 value obtained for pristine
CeO2 NPs and P. subcapitata in the absence of SR-NOM in the present
study (1.24 mg/L) was consistent with the variable toxic effects re-
ported by Manier et al. (4.1–6.2 mg/L) (Manier et al., 2013), Rodea-
Palomares et al. (2.4–29.6 mg/L) (Rodea-Palomares et al., 2011), and
Van Hoecke et al. (10.2–19.1 mg/L) (Van Hoecke et al., 2009). In the
case of TiO2 NPs, Hartmann et al. (Hartmann et al., 2010) found EC50
values of 71.1–241 mg/L, and Menard et al. (Menard et al., 2011)
obtained values as low as 5.83mg/L. The TiO2 NPs analyzed in the pres-
ent study showed an EC50 value of 0.27 mg/L, quite lower than those
proposed in the literature, indicating even greater variability than in
the case of CeO2 NPs. Although the lack of stability of the dispersions
in the absence of SR-NOM might be a determining factor in the repro-
ducibility of the test results, the intrinsic physicochemical properties
of CeO2 and TiO2 NPs also probably played an important role in their
variable adverse effects. For instance, toxicity of CeO2 NPs towards
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Fig. 4. SEM images of the 160 mg/L NP dispersions: (A) TiO2 _0h, (B) TiO2 _72h, (C) TiO2 _SRNOM-20_0h, (D) TiO2 _SRNOM-20_72h.
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particle size (Van Hoecke et al., 2009), and Booth et al. (2015) obtained
EC50 values of 0.024 mg/L for CeO2 NPs with sizes between 4 and
10 nm.
The different effective concentration values observed between
CeO2 and TiO2 NPs were inﬂuenced by their physicochemical
features, which led to speciﬁc ecotoxicity mechanisms. Reactive ox-
ygen species (ROS) generated by CeO2 NPs were reported to produce
a loss of the lipid peroxidation recovery and radical scavenging activ-
ity of P. subcapitata cells during 72 h (Booth et al., 2015). Hartmann
et al. (Hartmann et al., 2010) proposed ecotoxicity mechanisms of
TiO2 NPs towards algae such as ROS generation, adhesion of NPs to
algal cells and physical disruption of the cell membranes. The TiO2
NPs tested in the current study showed higher content of impurities
than that of CeO2NPs (Table 1), whichmight have also determine the
lower EC50 values obtained in the absence of SR-NOM (Hartmann
et al., 2010; Handy et al., 2012).
Increasing SR-NOM concentrations in the algal medium reduced
toxicity and resulted in a signiﬁcant increase of the 50% effective
concentration (74.3 mg/L for CeO2 NPs, no inhibition observed for
TiO2 NPs after adding 20 mg/L SR-NOM). The literature reporting
EC50 values for these NPs in the presence of NOM is almost non-
existent. However, Van Hoecke et al. (2011) obtained 48 h-EC20
values for CeO2 NPs and P. subcapitata between 26.0 and 81.6 mg/L
in the presence of organic matter concentrations similar to those
used in the present study. Taking into account the different exposure
times and endpoints calculated in the current research (72 h-EC50
and EC10), the herein obtained toxicity results were in the same
range.
The inhibition histograms corresponding to the tests performed in
the absence of organic matter (Fig. 5B, E) showed that representing
Table 4
Calculated 50% effective concentration (EC50) and 10% effective concentration (EC10) of
NP dispersions (mg/L) to Pseudokirchneriella subcapitata during 72 h, and lower and upper
95% conﬁdence intervals (CL) from the statistical analysis (n = 3).
Test substance EC50 (95% CL) EC10 (95% CL)
CeO2 NPs 1.24 (1.07–1.43) –
TiO2 NPs 0.27 (0.15–0.48) –
SR-NOM No inhibition (increase in the growth rate)
CeO2 NPs + SRNOM-8 31.9 (10.2–99.5) 16.2 (4.8–54.4)
TiO2 NPs + SRNOM-8 No inhibition (increase in the growth rate)
CeO2 NPs + SRNOM-20 74.3 (18.0–305.9) 38.0 (8.4–171.6)
TiO2 NPs + SRNOM-20 No inhibition (increase in the growth rate)
Note: The pH values at the end of the tests decreased slightly from the initial 8.2–8.3 to av-
erage values of 7.8. In the case ofmetals and compounds that partly ionize at a pH around
the test pH, OECD Guideline 201 requires a pH drift of less than 0.5 to obtain reproducible
andwell deﬁned results. Thus, the pHswere kept in the range of the validity criteria during
the exposure period. The biomass in the control cultures increased exponentially by a fac-
tor corresponding to speciﬁc growth rates of 0.9 day−1. This value was lower than the
speciﬁed by the OECD Guideline 201, but otherwise acceptable, taking into account that
one of the nutrients in the algal growth medium was removed to avoid binding on
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Fig. 5. Histogram comparisons of percent inhibition in average speciﬁc growth rates of Pseudokirchneriella subcapitata exposed to SR-NOM (A), CeO2 and TiO2 NPs in the absence of SR-
NOM (B,E), CeO2 and TiO2 NPs in the presence of 8 mg/L SR-NOM (C,F) and CeO2 and TiO2 NPs in the presence of 20 mg/L SR-NOM (D,G), during 72 h. Error bars represent standard de-
viation (n = 3).
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dose–response curves would have resulted in poor ﬁts with consider-
able statistical spread. The severe agglomeration of NPs in the algal
growth media observed (Zave ranging from 2 to 3 μm) hindered
obtaining reproducible dose–response relationships, as previously re-
ported (Hartmann et al., 2010). In contrast, the enhanced stability pro-
vided by SR-NOM led to a better reproducibility of CeO2 and TiO2 NPs
testing, in the presence of both 8 mg/L and 20 mg/L SR-NOM (Fig. 5C,
D, F, G). These histograms showed better ﬁt of dose–response relation-
ships, since inhibitions increased with NP concentrations. Similarly,
Cupi et al. (2015) proposed that, for some NPs, the presence of NOM
may be an important variable to achieve constant exposure conditions,
leading to improved reproducibility of their standardized testing.
In theﬁeld of nanoecotoxicology it is assumed that stability provided
by organic matter results in increased exposure of aquatic biota to NPs
(Grillo et al., 2015). For instance, the toxicity of TiO2 NPs to developing
zebraﬁsh Danio rerio was found to be enhanced after the addition of
NOM (Yang et al., 2013). Nonetheless, this fact depends on the trophic
level of the organism studied. Lin et al. (2012) reported that the pres-
ence of synthetic HA increased the negative zeta potential of TiO2 NPs
and alleviated their toxicity to the unicellular green algae Chlorella sp.
Van Hoecke et al. (2011) also observed a signiﬁcant decrease in the tox-
icity of CeO2 NPs stabilized with organic matter sampled from a creek
towards P. subcapitata. Likewise, in the present study the use of organic
matter led to a better stability of the dispersed NPs during the tests and
at the same time signiﬁcantly attenuated their adverse effects on algal
growth. The colloidal stability provided by SR-NOM to CeO2 and TiO2
NPs did not increase their ecotoxicity because bioavailability was inﬂu-
enced by other interaction mechanisms. SR-NOM might ‘camouﬂage’
the toxicity of these NPs towards algae due tomechanisms such as com-
plexation, adsorption, electrostatic forces, and oxidation/reduction, as
reported by Grillo et al. (2015). The reduction in the effects of CeO2
and TiO2 NPs suggested that organic matter also acted as stimulating
growth factor, taking into account the increase in the growth rates ob-
served in the tests performed independently with SR-NOM (Fig. 5A).
The NOM concentrations tested completely eliminated the toxic-
ity of TiO2 NPs and caused ‘negative inhibitions’ on algal growth
(Fig. 5F, G). In the case of CeO2 NPs, this behavior was only observed
for concentrations up to 2.5 mg/L and 10 mg/L in the presence of
8 mg/L and 20 mg/L SR-NOM, respectively. The morphology and
greater particle surface area of TiO2 NPs were probably determining
factors in their enhanced interactions with SR-NOM (discussed in
Section 3.1), which produced a dramatic reduction in their toxicity
compared to that of CeO2 NPs. Adverse effects (‘positive inhibitions’)
for TiO2 NPs might be expected by reducing signiﬁcantly the amount
of NOM in dispersions. The correlation represented in Fig. S19 (Sup-
plementary Data) provided some guidance on this concentration,
which should be around 2 mg/L SR-NOM or even lower, depending
on the TiO2 NP concentration. However, the representative amounts
of organic carbon in freshwater environments for P. subcapitata are
higher than those corresponding to this concentration of SR-NOM
(Cupi et al., 2015; Thurman, 1985). Furthermore, the expected con-
centrations of MNMs in natural waters of approximately 1 to
100 μg/L (Klaine et al., 2008) are in the range causing negative inhi-
bitions in the presence of the lowest concentration of SR-NOM tested
(up to 2.5 mg/L, Fig. 5C, and up to 160 mg/L, Fig. 5F). Therefore, the
‘camouﬂage’ of the ecotoxicity of CeO2 and TiO2 NPs towards algae
might occur even for small amounts of NOM and the highest pre-
dicted amounts of NPs in aquatic systems. Taking into account the
herein obtained results and the stability provided by SR-NOM to
metal oxide NPs in algae medium even in the long term (Quik
et al., 2010), it seems reasonable to introduce SR-NOM into stan-
dardized testing methods to assess the ecotoxicity of CeO2 and TiO2
NPs towards green microalgae. Further research is needed to analyze
its suitability in the ecotoxicological assessment of other
nanomaterials, and also to select the speciﬁc SR-NOM concentration
(or concentration ranges) used in the tests.
4. Conclusions
The present study has demonstrated the usefulness of SR-NOM in
the assessment of the agglomeration kinetics and ecotoxicity of CeO2
and TiO2 NPs towards green microalgae. SR-NOM alleviated their ad-
verse effects on P. subcapitata growth, completely in the case of TiO2
NPs and partially in the case of CeO2 NPs. Previous studies have evi-
denced this behavior for other algal species and types of NOM. Further-
more, SR-NOM increased signiﬁcantly the stability of the NPs in
dispersions, which led to a better reproducibility of the toxicity test re-
sults. The electrophoretic mobility provided by SR-NOM to CeO2 and
TiO2 NPs was similar to that previously reported in various river and
groundwaters. Therefore, SR-NOM might be a representative sample
of what is found in many different ecosystems, thus fulﬁlling the simu-
lation of realistic environments required for the standardized ecotoxico-
logical assessment of these NPs. The ‘camouﬂage’ of the effects of CeO2
and TiO2 NPs on algal cells might take place even for small amounts of
SR-NOM and the highest predicted amounts of NPs in natural waters.
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MATERIALS AND METHODS 
Preparation of NPs dispersions 
Calculation of the total amount of energy delivered by the sonicator probe from calorimetry  
A 600 mL borosilicate glass beaker was filled with 500 mL thermally equilibrated Milli-Q water. Its 
temperature and mass were measured with an uncertainty of ±0.1 ºC and ±0.1 g, respectively. The beaker 
was placed in the sonicator chamber and the tip was immersed to a position 2.5 cm below the liquid 
surface. The temperature probe was mounted (using a clamp) at 2.5 cm depth and 1 cm away from the 
sonicator probe. The sonicator output selected was 20% amplitude (considering previous dispersion tests 
carried out in our laboratory), operating in continuous mode. The temperature increase of the water was 
recorded for 6.5 minutes with a time resolution of 30 seconds.  
The calculation of the delivered acoustic energy was performed obtaining the best linear fit (R2>0.990) 
between the measured temperature and time using least squares regression. The effective delivered power 
was determined using the following equation: 
(S1) 
 
where P is the delivered acoustic power (W), dT/dt is the slope of the regression curve, M is the mass of 
liquid (g), and Cp is the specific heat of the liquid (J·g
-1·ºC-1).  
The effective delivered acoustic power (P) was 11.76 W. The linear fits between the measured 
temperature as function of time using least squares regression are represented in Figure S1. 
 
Figure S1. Linear fits between the measured temperature as function of time sonicator probe. 
The total amount of energy delivered was obtained considering the applied power and also the total 
amount of time that the dispersion was subjected to the ultrasonic treatment. 
(S2) 
 






































where E is the total amount of energy (J), P is the delivered acoustic power (W) and t is the total amount 
of time (s). 
Considering the sonication time of 12 min (selected taking into account previous dispersion tests carried 
out in our laboratory), the total amount of energy delivered (E) was 8.467 KJ. The acoustic energy 
delivered by the probe enabled to obtain agglomerate sizes as near as possible to the nanometric range, 
thus optimizing the preparation of the dispersions. It was important to consider that the actual volumes 
and temperatures of NPs dispersions were different from that used in the calculation of the energy 
delivered by the sonication methods. However, this aspect was noted in the calorimetric method [1], since 
it was simply intended to allow the reporting and transference of sonication power levels between users, 
but not to measure the actual fraction of power utilized for powder disruption under specific dispersion 
conditions. 
Algae ecotoxicity studies 
Preparation of the OECD P. subcapitata growth medium  
The algal growth medium was prepared by adding an appropriate volume of the stock solutions 1-4 to 
sterile ultrapure water. The stock solutions of nutrients were prepared according to the Table S1.  
Table S1. Concentration of nutrients in Pseudokirchneriella subcapitata medium. 
Stock solution Nutrient Concentration in stock 
solution 
Final concentration in test 
solution 
1: macro nutrients NH4Cl 1.5 g/L 15 mg/L 
MgCl2·6H2O 1.2 g/L 12 mg/L 
CaCl2·2H2O 1.8 g/L 18 mg/L 
MgSO4·7H2O 1.5 g/L 15 mg/L 
KH2PO4 0.16 g/L 1.6 mg/L 
2: Fe-EDTAa FeCl3·6H2O 64 mg/L 64 μg/L 
3: trace elements H3BO3 185 mg/L 185 μg/L 
MnCl2·4H2O 415 mg/L 415 μg/L 
ZnCl2 3 mg/L 3 μg/L 
CoCl2·6H2O 1.5 mg/L 1.5 μg/L 
CuCl2·2H2O 0.01 mg/L 0.01 μg/L 
Na2MoO4·2H2O 7 mg/L 7 μg/L 
4: bicarbonate NaHCO3 50 g/L 50 mg/L 
a Na2EDTA·2H2O was removed to avoid binding on metal ions. 
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The stock solutions 2 and 4 were sterilized by membrane filtration (mean pore diameter 0.2 μm), and 
stock solutions 1 and 3 were sterilized by autoclaving (120 °C, 15 min). The solutions were stored in the 
dark at 4 °C.  Algal growth medium was prepared by adding 10 mL of stock solution 1 and 1 mL of stock 
solution 2, 3 and 4 into a 1 L volumetric flask, and then filling up to 1000 mL with sterilized ultrapure 
water. The pH was adjusted to 8.3, with either 1 M HCl or 1 M NaOH.  
Additional information on the culturing conditions 
Pseudokirchneriella subcapitata stock cultures were maintained on sloped agar tubes and transferred to 
fresh agar at least once every two months. In order to adapt the algae to the test conditions and ensure that 
they were in the exponential growth phase when used in the tests, an inoculum culture was prepared in the 
OECD growth medium 3 days before the start of the test. The initial biomass concentration in the 
inoculums culture was adjusted to 5x105 cells/mL to obtain a concentration of 5x103 cells/mL in the 
volume of the test dispersions (100 mL). 
Algae were grown under sterile conditions during the tests, using an orbital shaker (GFL, 3020 model) at 
65 rpm and 23 ± 2 °C. Continuous illumination of 80 ± 5 μE·m-2·s-1 (measured in the wavelength range of 
400-700 nm) was provided by cool white fluorescent tubes about 30 cm distance from the position of the 
cultures. The light intensity was maintained within ±15% from the average over the incubation area. In 
addition, the position of each flask in the incubator was changed every 24 h in order to compensate any 
lack of uniformity in the illumination system.  
Chlorophyll-a extractions and fluorescence measurements for algal growth determination 
Extracted chlorophyll allowed deriving the biomass concentrations in the presence of NPs, which 
interfere with measurements of culture density normally made by optical absorbance. The particulates and 
cell debris were settled to the bottom of the tubes, whilst the chlorophyll remained in solution and was 
measured fluorometrically.  
Samples of 1 mL from each flask containing the test cultures were extracted in a foil-wrapped screw-
capped polypropylene test tube. Then, 0.1 mL of 1.5 mg/L Locust Bean Gum (Sigma-Aldrich) suspension 
in ultrapure water, and 4.4 ml acetone (Scharlab, HPLC grade) with MgCO3, were added. The tubes were 
capped and inverted several times to mix, and placed in a dark cupboard at room temperature (22 ± 1°C) 
for 1-7 days. The samples were not exposed to bright light or air to avoid oxidative and photochemical 
destruction, since chlorophyll is sensitive to light and oxygen, especially when it is extracted. 
Homogenization of the samples was carried out to increase the extraction efficiency. 
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The fluorescence of the samples was determined in arbitrary units on a microplate reader (FLUOstar 
OPTIMA, BMG-LABTECH, Ortenberg, Germany) with an excitation wavelength of 430 nm and a 
measured emission wavelength of 670 nm. Measurements were performed after 24 hours extraction at 
room temperature and again 7 days later to check that they remained stable for that period. Fluorescence 
figures were corrected for background fluorescence measured on solvents mixed with algal growth 
medium. The needed sub-sample volume was 350 μL in 96-well Polypropylene black microplates. 
A ten-point linear calibration curve (see Figure S2) was performed to obtain the algal biomass values 
from fluorescence measurements. A single algal culture of 5×105 cells/mL was obtained and a tenfold 
dilution series (3×103 to 5×105 cells/mL) was prepared in 10 mL vials. Three replicates from each cell 
density were extracted to carry out the fluorescence measurements, and the corresponding standard curves 
(log cells/mL vs. log fluorescence) were represented.  
  
Figure S2. Calibration curve obtained from chlorophyll fluorescence in different algal concentrations (3×103 to 5×105 
cells/mL). The straight lines are linear least-squares fit to the data. Excitation = 430 nm. Emission = 670 nm. 





Figure S3. Calibration curves obtained from UV/vis absorbance of CeO2 (A) and TiO2 (B) NPs dispersions in Milli-Q 
water, based on several concentrations (1.25 to 320 mg/L). The straight lines are linear least-squares fit to the data. 
































































































Figure S4. UV/vis spectra of the CeO2 and TiO2 test dispersions. Saturation of the spectrophotometer was reached 
near the absorbance peaks of the 160 mg/L NPs dispersions (A, B). Therefore, they were diluted to 80 mg/L (C, D) to 









































































































































RESULTS AND DISCUSSION 




Figure S6. Size distributions by intensity of CeO2 and TiO2 NPs agglomerates in stock dispersions. Measurements 




Figure S7. Size distributions by intensity of CeO2 and TiO2 NPs agglomerates in 160 mg/L NPs test dispersions in the 










































Figure S8. Size distributions by intensity of CeO2 and TiO2 NPs agglomerates in 160 mg/L NPs test dispersions 




Figure S9. Size distributions by intensity of CeO2 and TiO2 NPs agglomerates in 160 mg/L NPs test dispersions 










































Figure S10. Size distributions by intensity of CeO2 and TiO2 NPs agglomerates in 160 mg/L NPs test dispersions in 




Figure S11. Size distributions by intensity of CeO2 and TiO2 NPs agglomerates in 160 mg/L NPs test dispersions 










































Figure S12. Size distributions by intensity of CeO2 and TiO2 NPs agglomerates in 160 mg/L NPs test dispersions 




Figure S13. Zeta potential distributions by intensity of CeO2 and TiO2 NPs agglomerates in 160 mg/L NPs test 
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Figure S14. Zeta potential distributions by intensity of CeO2 and TiO2 NPs agglomerates in 160 mg/L NPs test 





Figure S15. Zeta potential distributions by intensity of CeO2 and TiO2 NPs agglomerates in 160 mg/L NPs test 
dispersions prepared with 20 mg/L SR-NOM at the beginning of the tests. Measurements correspond to three test 
replicates. 
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Figure S16. Field-emission scanning electron microscopic images obtained with a JEOL apparatus (JSM-7000F 
model) of: (A) CeO2 NPs stock dispersions and (B) TiO2 NPs stock dispersions. 









Figure S17. SEM images of the 160 mg/L NPs dispersions: (A) CeO2 _SRNOM-8_0h, (B) CeO2 _SRNOM-8_72h, 
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Algae ecotoxicity studies 
A B 
Figure S18. Clustering of TiO2 NPs (A) and CeO2 NPs (B) with algal cells at the end of the ecotoxicity tests in the 
absence of SR-NOM, for 10 mg/L NPs dispersions. 
Figure S19. Correlation curves (fitted to a polynomial form, degree 2) between inhibitions produced by TiO2 NPs test 
dispersions and variable concentrations of SR-NOM. 
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